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Preface

It is only a matter of time until the autonomous mobile
robot becomes a reality. The key to achieving this goal
lies in the development of a navigation system capable of
accurate position determination and intelligent, efficient,
collision-free, path planning through the robot's
environment. Hopefully, our efforts have provided some
advancement toward creating such a robot navigation system.

The success of this thesis was a direct result of the
endless support provided by several individuals and
organizations. A special thanks goes to our thesis advisor
Dr. Matthew Kabrisky for having the confidence to turn us
loose on this project. Additionally, we would like to thank
our sponsor, Tim Anderson of AFMRL; Robert Durham, Orville
Wright, Dick Wager, and Stan Bashore of AFIT/ENG; Carl
Short and Ron Ruley of AFIT/RMF; Mrs. Allis Moore of AFWAL;
Allen Cooper, Berny Swagert, and George Kelsh of King Radio
Corporation; Diane White, Ed Freedman, and Cal Watson of
Analog Devices Incorporated; Bill Lee and Roger Heilman of
Sundstrand Data Control Incorporated; and a generous thanks
to King Radio Corporation for their donation of equipment to
the project.

We would also like to express our appreciation to Tonm

Clifford and Bert Schneider for creating the MARRS-1 robot

and putting together the robot laboratory. Their efforts
made our endeavor possible. In addition, we owe Tom
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Clifford a special thanks for his assistance and advice
throughout the project.

We would also like to extend our gratitude to Lt. Col.
Dan Biezad for his tireless assistance from the very
beginning. To him we credit the aquisition of our
directional gyro system.

Most of all we wish to acknowledge the many sacrifices
made by our wives and children. Without their patience,
love, and understanding we could not have completed this

thesis.
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e ?f;: Abstract

A navigation system for a mobile autonomous robot 1is
presented. The navigation system is based upon a directional
gyroscope and a single axis accelerometer which enables a
robot to navigate independent of wheel optical shaft
encoders and other commonly used positioning apparatus. The
computer controlled navigation system 1is capable of
providing absolute heading, heading rate (angular velocity),
and linear velocity to a user computer. These data from the
navigation system (heading and velocity) are used to compute
the present location of the robot. In addition, the heading
data 1is used to form a closed loop feedback control system
. for maintaining the robot on a desired course. The
le navigation system was designed specifically for application

on an existing Air Force Institute of Technology (AFIT)
robot; however, it could be easily adapted to any robot
system with a standard IEEE RS-232 serial communication
interface. Test results are provided which demonstrate the
use of closed loop heading control on the AFIT robot and
which 1identify problems associated with the use of an
- accelerometer system for distance measurement. This thesis
E; includes all schematics, parts lists, software listings, and
%.' operating instructions for the navigation system. A new

robot world modeling and path planning technique is

also presented.
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GYRO AND ACCELEROMETER BASED NAVIGATION SYSTEM

FOR A MOBILE AUTONOMOUS ROBOT

I. Introduction

BACKGROUND

In general, robots fall into three broad categories:
fixed arm robots, mobile robots, and mobile autonomous
robots. It 1is important to understand how these three
classes of robots differ.

A fixed arm robot is a machine modeled after the human
arm and hand. It is capable of armlike movement and has a
handlike manipulator, but by itself is incapable of movement
from one location to another. Fixed arm robots are by far
the 1largest category of present day robots, encompassing
virtually all of the currently available robots. They are
used primarily for repetitive manipulative tasks such as
industrial assembly line work. Because these robots do not
in general possess the ability to mnove themselves about
their environment, they will not be discussed further.

A mobile robot 1is "a robot mounted on a moveable
platform” [11:17]. They are distinguished by their ability
to move freely about their environment, but with command and
control provided external to the robot. Underwater salvage

robots provide an excellent example of mobile robotics.

They can move freely about their environment, but are




D3
‘ﬁg CK; controlled from a surface vessel by a team of human
; operators. Since mobile robots are not self controlled,
a&% they too will not be discussed further.
f}: A mobile autonomous robot is '"a robot acting
;;L independently and of its own volition" [11:17]. They are
5%; distinguished by their ability to move freely about their
ﬁg: environment completely under internal control independent of
g external machine or human assistance. Mobile autonomous
f%} robots have many potential applications, but currently they
ifﬁ do not exist outside of research labs. Expansion of this
‘;, concept is the basis of this thesis.
e v
oﬁ% In recent years, there has been a substantial increase
- of interest in mobile autonomous robots. A report regarding
G the First World Conference on Robotics Research, held in
”;3: early 1985, noted that one of the most actively researched
ii; fields was mobile autonomous robots [11:17]. This surge of
\ interest is a direct result of the "microelectronics
- revolution" which has resulted in today's microprocessors
H§§ and digital integrated circuits (IC's). Tremendous
2; computational power is now available in very small packages
;i? making the internal control required for a mobile autonomous
robot feasible.
:gi The potential to develop a mobile autonomous robot has
- generated many possible applications. Chief among these is
the performance of tasks hazardous to human personnel such
as fire fighting, bomb disposal, nuclear waste disposal,
B2
2
o A e e L e e e e D s N
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underwater salvage and repair, deep sea exploration,
chemical production, mining, sentry duty, and military
reconaissance and attack missions.

This effort is being led by the Department of Defense
(DOD) . The Defense Advanced Research Projects Agency
(DARPA) currently has a 17 million dollar contract with
Martin Marrietta Corporation to develop an autonomous land
vehicle [21] and has asked General Dynamics and others for
proposals on battlefield robots [13:48]. DARPA is also
funding multi-legged mobile robotics research at Ohio State
University [13:48].

The Army's General Officer Steering Committee for
Artificial Intelligence and Robotics recently issued a
report outlining near-term (1980's) robotic systenms
applications [ 14]. They include: a light weight robotic
vehicle to mount antitank guided missiles, mortars, and
small arms; a robotic obstacle/mine breaching tank; a
robotic transport and resupply vehicle; a security sentry
robot; an explosive ordnance disposal robot; and a robot
scout vehicle,

The Air Force Medical Research Laboratory at Wright-
Patterson Air Force Base (WPAFB) is currently working on the
development of a mobile autonomous robot to service aircraft
in a nuclear, biological, or chemical (NBC) contaminated
environment. This thesis is an extension of that effort.

All of the above applications require the rcoot to be
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able to perform three primary functions: computation,
Al manipulation, and navigation.

Computation is the robot's ability to make jobdb

4;{ application related control decisions. For example, an
.1, . alrcraft servicing robot would have to decide which
'3' subsystems to test and then which part to replace. In the
‘i field of artificial intelligence, this would be called an
: expert system. Since numerous expert systems of the type

required for robotics have already been developed, this

& function will not be discussed further.

‘: Manipulation is the robot's ability to skillfully
?i handle and move objects in its environment. This function
‘$§ . has been well developed and is commercially available in the
. DEY form of a fixed arm robot. Therefore this function also
f; will not be discussed further.

- Navigation is the robot's ability to direct itself

toward some destination. This problem has yet to be
ﬁi adequately addressed and is the major impediment to the
;E development of a mobile autonomous fobot. Robot navigation
(ﬁ is the focus of this thesis.

Navigation requires that the robot be able to follow a
given or calculated course of travel making course

i corrections as necessary. This means the robot must be

.ﬁ\ capable of finding its current location in reference to the
ffs desired course. This information 1is required for steering
i control feedback 1in order to accurately follow a given
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. course.
o In addition, the robot must know its starting location
od
Sps and final destination on the same frame of reference as 1its
0%
K 1)
:ﬁf: current location. This will give it the ability to know
O)
:43: when is has arrived at the desired location.
{jf Finally, a navigation system must provide a means for
f recognizing obstacles, both known and unknown. It must
- allow for course changes to avoid these obstacles and yet
[:f? still arrive at the destination in a time efficient manner.
[} -
fﬁw A robot must be able to deal with a dynamic environment.
-)
;ﬁ Physically, the navigation system is composed of sensors
Mot
'?}# and steering control. The sensor subsystems collect
1‘\:{
-f:J . position and obstacle data. the steering control subsystem
~ b N Y
- (! uses the position and obstacle data to make any necessary
L1
'{? course changes. All but the most simple steering control
ﬁﬁ subsystems require many intelligent decisions to be made and
C) therefore require a computer as the controller.
-
-
ﬂﬁﬁ Past research work on mobile robot and mobile
:fﬂ; autonomous robot navigation has produced vision, embedded
L] wire, beacon, shaft encoder, and sonar based navigation
533: systems, where the environmental data from each system's
AN
{}: sensors is interpreted by a computer to control the path of
o
-
- travel.
-
v\
o Vision navigation systems use television cameras to
LR
£$j "see" the desired path and obstacles much 1like a human.
e
) . Vision systems today are relatively crude in spite of modern
al -~
b
s
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advances in high speed computer systems. They are not
.Qf: capable of interpreting the digital video information fast
Eiﬁ enough to allow real time navigation.
ji~ Dr. Hans Moravec has done considerable research in the
‘;2. area of robotic vision. During his Ph.D. work at Stanford
:QE University, he experimented with the "Stanford cart", a
f& mobile robot which he equipped with a video camera [17].
%;b‘ The cart's ultimate achievement was travelling through an
%E obstacle laden area to a goal about 60 feet away. The trip
ﬁgz took a total of about five hours. In addition, the cart did
%g no onboard processing of the video images. They were
if‘ transmitted by radio 1link to a VAX 780 computer which
-ﬁa . interpreted the data and issued the resulting steering
-y (é‘ commands. This reduces the robot to the mobile category as
‘§§ opposed to the mobile autonomous classification.
;E; Dr. Moravec, now a professor at Carnegie Mellon
;; University, 1is still diligently pursuing his research into
‘;E? creating human like vision for a mobile robot. However, he
ig; admits that to reach his goal he needs a computer which |is
;ﬁ about 1000 times faster than his current computer [9:30].
_;£ Present vision systems are not fast enough to allow real
‘EES time navigation and the computers are not small enough to be
;% built on board the robot for a mobile autonomous system.
‘§§: Embedded wire systems find the desired path by
S§§: following wires on or beneath the travel surface 1like a
‘;}' train on railroad tracks. This system 1s very simple,
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ik 'Eﬁ; requires little computational ability, and navigation can be
ex done in real tine. However, it is not very flexible.
ﬁz Places of travel are limited to where the wire tracks are
1? located and continuity of the wire from start to
‘{ destination. Obstacle avoidance 1is 1impossible without
; additional sensors and even then would be 1limited to
3 stopping and waiting for the obstacle to move.

k» Beacon systems determine the desired path from position
é} reference information broadcast by beacons found near the
:? path of travel. This system is also simple, easy to
:é implement, and provides a real time navigation capability.
;f It suffers from the need to provide beacons in the robots
;é o working environment for navigation. Additional sensors are
; ‘.‘ required to provide an obstacle avoidance capability.

;: Optical shaft encoder systems rely on '"dead reckoning"
';; navigation by starting at a known position and moving
/ precise distances as measured by the optical shaft encoder.
ﬁ? This is also a relatively simple system, easy to implement,
gﬁ and can be done in real time. It is more flexible than the
i{ embedded wire system because it is not limited to following
:i: wire tracks, but it suffers from errors in sensor data. The
=

%? distance moved data must be very accurate or error will be
t; introduced that is cumulative and will eventually result in
iﬁ‘ the robot becoming lost.

Eg Optical shaft encoders have proven to be fairly
2 accurate under ideal conditions. However, several sources
S

- 7
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of position error accompany their use. These position

errors are unbounded and cumulative. One error source 1is
wheel slippage, resulting in an inaccurate measurement of
actual distance traveled.

A second problem lies in knowing the exact
circumference of the wheel. The distance traveled by the
robot 1is determined from the number of revolutions made by
the wheel; one revolution of wheel travel equals the
distance of one circumference in linear travel. As the tire
wears out, the error in the measured distance grows larger.

A third problem results from computational errors. This
error 1s most prominent when the robot has negotiated many
turns, requiring numerous calculations based on geometric
approximations to determine the current 1location of the
robot. After a short period of travel, the robot will begin
to stray off course due to an accumulation of error. The
performance of optical shaft encoders degrades considerably
as the number of maneuvers performed by the robot increases.

A fourth problem with optical shaft encoders results
from not having an absolute heading reference. All heading
computations from encoder data produce a relative heading to
some initial heading. Initial heading of the robot must be
externally provided and can itself be a very large error
source. In Figure 1.1, the effect of initial heading error

is illustrated. Without an accurate initial heading, the

robot will eventually become lost. A robot system using
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= Desired Path
- = Actual Path
X = Intended Destination
* = Actval Destination

© = Initial Heading Error

Figure 1.1. Effect of initial heading error.

optical shaft encoders for navigation 1is highly dependent
on this initial heading reference.

Finally, optical shaft encoders offer no means for
detecting obstacles. Therefore, additional sensors are
required to provide an obstacle avoidance capability.
Sonars (ultrasonic ranging units) can be used to complement
the optical shaft encoders and together provide position and
obstacle detection information. In addition, the sonars can
be used to compensate for errors in the encoders by

providing range information to known obstructions. In other
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words, the sonars can provide a position "fix" so the robot
kxnows its location with respect to its known environment.

Dr. James Crowley [12] is experimenting with just such
a systemn. He uses a focused rotating ultrasonic ranging
device to maintain a description of the robots external
environment. This description 1is called a sensor model.
The estimated position of'the robot, obtained from optical
shaft encoders, is compared to the position of the robot
determined <from the sensor model to create a composite
model. This composite model represents an average position
of the robot. In this way, Crowley seeks to maintain an
accurate estimate of the robots position.

It is not very feasible to use sonars as the only
source of navigation data since their range 1is 1limited
(making navigation through a large open area impossible) and
unknown obstacles could be misinterpreted as known obstacles
causing the robot to become lost. It is also important to
note that sonar data is useless for navigation without an
accurate heading reference. A detected object cannot be
used as a reference without knowing the direction of the

object in the navigation reference frame.

Previous thesis work at the Air Force Institute of
Technology (AFIT) has produced a mobile robot, the Mobile
Autonomous Robot Research System-1 (MARRS-1), that can map
its environment and provide obstacle detection with sonar

sensors. It can also measure distance travelled with

10
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}:i‘ optical shaft encoders. In addition, the robot has an
;jf onboard computer for dedicated navigation calculations.
iﬁ; However, MARRS-1 is not capable of autonomous navigation.
é;i The current navigation system can only traverse a course
“if preprogrammed into the drive computer through the robot's
:}i keyboard or by use of the teaching pendant. It can only
:fﬁ collect, not use for navigation, sonar obstacle information
1f} and shaft encoder distance data (as presently programmed).
Efj In addition, it 1is not able to compensate for errors in
i{j wheel direction and distance measurements, which may cause
’~ MARRS-1 to wander from the programmed course (open loop
steering control).
R It is obvious that past robot navigation research, both

Sa " at AFIT and abroad, has not produced an accurate, real time,
: autonomous, mobile navigation system. A new approach |is
flf indicated by the weaknesses and liabilities of past systens.
i First, an absolute and directly measurable robot heading
ii; reference is required. Second, an accurate and preferably
'ii non-mechanical method of distance measurement is necessary.

s
‘;_ Third, an accurate, 1long distance (5 to 50 feet or more)
e

Ea method of obstacle detection 1is required. Finally, a
%E; navigation algorithm is required that models the sensor data
?; into a real world map and issues robot steering commands
-Si: based on this mapping.
.gg This thesis attempts to solve these problems by
ii? — adapting an aircraft directional gyroscope system for the
2 "

2.
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heading reference, an accelerometer for distance
o measurement, and sonars for obstacle detection. Robot
"world modeling" and path planning is discussed, but not

. implemented.

- PROBLEM AND SCOPE

- The problem is to design and fabricate a real time,
s voint to point, closed 1loop, mobile autonomous robot
. navigation system for the MARRS-1 robot. In addition, it
nust DbLe capable of detecting and avoiding both previously
known and unknown obstacles.
Real time navigation is defined to be navigation at the
—_ maximum constant motion travel speed of MARRS-1. Point to
i le point refers to navigation from a given starting point to a
given destination and includes in-course obstacle detection
and avoidance. Closed loop refers to the ability to detect
z and correct course errors. Autonomous, in this case, will
be broadened to mean needing no external support except
L power.
v Design and fabrication will include: construction of a
. new third body tier to house the gyro and accelerometer
based navigation system (GYRAC); physical and electrical
.-J modification of MARRS-1 to allow GYRAC integration;
fabrication of a GYRAC control computer; implementation of

GYRAC computer software; fabrication of a digital electronic

._ interface between the gyro/accelerometer and GYRAC computer;

i

Y
.

N 12
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integration of the MARRS-1 drive and navigation computers
with the GYRAC computer; a simple point to point navigation
control program (no obstacle avoidance) to demonstrate
course tracking; full testing of all new hardware and
compilation of test results; complete schematic diagrams and
operating manuals for all new hardware; and fully documented
software listings for all operational and test programs.
Obstacle detection and avoidance were not implemented,
but are available since this has been demonstrated on a
previous thesis [19]. Finally, the design options available
were limited by hardware and software restrictions imposed
by systems previously added to MARRS-1, 1limited space

internal to the robot, limited time, and insufficient funds.

Assunptions

Several basic assumptions are necessary for a
navization system based on a directional gyroscope and an
accelerometer. This thesis is predicated on the following

assumptions:

1. Assume no local disturbances will be present in the
earths magnetic field. This assumption is necessary
since the directional gyro output is slaved to a
magnetic flux detector for absolute reference to
magnetic north.

2, Assume the operational environment of the robot is
a perfectly smooth and level surface. This
assumption is necessary since a single
accelerometer cannot distinguish true acceleration
from 1local gravity. Therefore, any tilt of the
accelerometer input axis into the vertical plane
will induce an error in measured acceleration.

13
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3. Assume a perfect integrator. An operational
amplifier integrator circuit is used to integrate
accelerometer output to obtain velocity.

4, Assume velocity of the robot is constant over
sample period. This is necessary for simplicity
and ease of calculation.

5. Assume sample time is Kknown precisely. Using
accelerometer output to ultimately obtain distance
traveled by the robot is a time dependent problem.

All the above assumptions, excluding the first, are

tied directly to the use of an accelerometer. Each of these

assumptions will be addressed again in Chapter V.

Evolution and Capability of MARRS-1

The MARRS-1 began as a Heathkit HERO-1 robot. This
original HERO-1 has since undergone substantial modification
S and today bears 1little resemblance to its former self.
‘)' Lieutenant Owen [19] was the first to modify the original

HERO-1. He added a 1laser barcode scanner and several
Polaroid ultrasonic ranging units to the robot. The scanner
was used to determine the location of the robot by reading
barcodes taped to the floor. The first step had been taken
toward creating an autonomous mobile robot. The HERO-1
could collect useful but limited navigation data on its own.

Tollow-on work by Clifford and Schneider [10] was a
ma jor leap toward the goal of creating a mobile autonomous
robot. Under their thesis effort, the HERO-1 was completely
rebuilt. The following is a list of the major modifications

performed by Clifford and Schneider:

1. A new main body was fabricated. This new body is 12

14
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‘ sided and consists of two separate levels. The top
S level can rotate with respect to the lower level.

. 2. The HERO-1 CPU (MC6808) was upgraded with the
s addition of a Virtual Devices Inc. MENOS-1 MC6801
. CPU board which added RS-232 serial communication

capability to the HERO-1.

! 3. Two dozen Polaroid sonar transducers were attached

}: to the new robot body (one on each segment of the
e upper and lower body decks).

&? 4. Optical shaft encoders were placed on the two rear
My wheel shafts and on the front (drive) wheel
. steering shaft to provide distance moved data.

5. An MC6802 based computer was added to control the
optical shaft encoder subsystem and the sonar
0 subsystem. This computer is called the Navigation

computer,

: The resulting heavily modified HERO-1 was renamed
i%; MARRS-1. MARRS-1 was then used to generate sonar range data
NE S and wheel distance data. This data was post processed on an

Q. external computer to create a composite map of the robot's
2- local environment relative to the robot (whose position was
;;ﬁ determined from the shaft encoder data). This represents a
(t significant improvement over the capability of the Owen
13i modified HERO-1. However, like Owen's modified HERO-1, the
:ié MARRS-1 served only as a collector of navigation data. The
g% actual movement of the robot was controlled by a human
é; operator. MARRS-1 was not yet an autonomous robot, but it
%% possessed the capability to become one.
!: The capability of the MARRS-1 at the beginning of this
;?E thesis can be summarized as follows:
;;5 1. All functions of the original HERO-1 still existed,
S except for the arm [10:I1I-3]. This capability
gg1 — included programable movement of the robot.
'ﬁz
e
-
pn e D e ~ N =
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Bty Unfortunately, this programed motion was open loop,
resulting in unreliable and nonrepeatable movement,.
The robot could not follow a straight line path.

P 2. The 1laser barcode scanner was removed but all
o provisions for attaching it (both mechanically and
) electrically) to the robot still existed.

3. Sonar and optical shaft encoder data could be

! gathered by the navigation computer and relayed via

AL an RS-232 computer interface to an external

{Q{ computer for storage on a floppy disk. Firmware was

» resident onboard the Navigation computer to obtain
and transmit the data.

4. Four RS-232 computer interface ports were available

ﬁkﬂ for use. One port allowed communication with the
aL main CPU (MENOS-1 upgrade board). The other three
N ports allowed access to the navigation computer.

General Approach

Development of a mobile autonomous robot navigation

system for the MARRS-1 required a rigorous analysis of past

na

(o

: N and present robot navigation research literature. Based on
?ﬁ this literature search, a new approach to world modeling for
.?} mobile autonomous robots was developed.

Mo This new navigation approach required collection of
;?; specific types of data. The current systems and sensors on
ig the MARRS~1 were compared against these new requirements and
?(- a 1list of sensors and systems to be constructed were
t§§ compiled. A prime requisite during this analysis was to
3i: limit the data collected so that onboard computers could
SO

!; process the data fast enough to allow real time navigation. ?
; ; The required sensors and subsystems were Dbuilt and
;T? tested as was the necessary software to drive each
i{; -~ subsystem, Modifications were then made to the MARRS-1

ey 16
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system to allow the GYRAC subsystem to be physically,
electrically, and functionally (through software) integrated
onto the MARRS-1 platform. Navigation system testing was
performed and supporting data collected to validate the new
navigation system.

Finally, MARRS-1 system software was developed, tested,
and support data collected to demonstrate the feasibility of
gyro based steering control. Conclusions and recommend-
ations are provided based on testing at each of the wvarious

stages.

Sequence of Presentation

Chapter One provides a detailed problem background,
problem statement and scope, assumptions, evolution of
MARRS-1, general approach, and sequence of presentation.
Chapter Two covers the GYRAC system design and theory of
operation. Chapter Three discusses GYRAC system integration
onto the MARRS-1 platform. Chapter Four presents a new
mobile autonomous robot navigation thedry for world
modelling and path planning. Chapter Five discusses testing
results and analysis of the various stages of the GYRAC
development, Chapter Six gives a system summary and
presents conclusions and recommendation. The appendices
contain hardware data sheets, schematic diagrams, device
layouts, wiring diagrams, connector diagrams, an equipment

list, and a parts list. Included are software structure

17
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II. GYRAC Design and Theory of Operation

The hardware design goal of this thesis is to create a
navigation data system capable of providing absolute heading
and velocity data, in binary digital form, to an external
computer. Three primary requirements are the basis for this
design:

1. A KCS-55A Pictorial Navigation System (produced by
King Radio Corp.) was ordered after selection as
the best directional gyro system for this project
and a QA-1100 accelerometer (produced by Sundstrand
Data Control 1Inc.) was already on hand at AFIT.
Therefore, the system must be centered around the
KCS-55A Pictorial Navigation System and the QA-1100
acceleronmeter.

2. The navigation data system must be compatible with
the MARRS-1 but also easily transportable to
another robot systen.

3. The system must be attainable with resources
readily available to AFIT.

Since the foundation of the system is a gyro and an

accelerometer, the navigation data system will hereafter be

refered to as the "GYRAC" system (for gyro and acceler-

ometer system).

Summary of GYRAC System

A general layout of the GYRAC system can be seen in the
block diagram in Figure 2.1. The gyro subsystem provides
analog heading information which is then converted to a 12
bit TTL (Transistor Transistor Logic) digital data signal.
Angular velocity is a byproduct of this conversion in analog

signal form. Thus, the analog angular velocity is digitized

19
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ﬁﬁ iiif through an analog-to-digital converter resulting in a 10 bit
Et digital data signal. The accelerometer produces an analog
i;: signal which is integrated via an operational amplifier
i% circuit and converted to digital TTL data by an analog-to-
f&* digital converter. The three digital data signals are
Hﬂ connected to a common thirteen wire bus containing eight
; data lines, four address lines, and a read/write line. This
[)
i_J bus serves as a standard sensor interface to the GYRAC
Eﬁ computer. The GYRAC computer interprets commands received
;E from an external computer via an RS-232 serial data link and
:Oj acquires the appropriate sensor data as directed by the
%iﬁ external command. The GYRAC computer then performs any
%é necessary preprocessing of the data, converts it to serial
"‘ ii;. format, and transmits it to the external computer via the
: RS232 link.
;f: The Gyro Subsystem.
= The gyro subsystem is composed of four major elements:
ﬁf a directional gyro; an indicator unit; a magnetic flux
‘Ef detector; and a slaving unit. The directional gyro provides
- a gyro stabillized magnetic heading to the indicator. The
fﬁ directional gyro consists of two primary components: the

gyro itself and a base assembly, see Figure 2,2,
The gyro 1is a splnning mass precision gyro with two

degrees of freedom, see Figure 2.3. Relative angular

T WO e PR
ORI \PISAALPRILAAY IR

displacement 1is sensed by an optical encoder assembly

“un mounted on the gyro's outer gimbal. Electrical outputs from

21
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Figure 2.2. Directional Gyro [1:2-11]

the optical encoder are two square waves which are used to
drive a stepper motor in the indicator. The gyro Dbase
assembly contains the control logic for the gyro and the
slaving logic for the indicator. The gyro base also serves
as the power supply for the entire gyro subsystem. From the
single 28 volts DC input into the gyro base, the following
internal voltage supplies are generated: 26 VAC 400 Hz for
the gyro spin motor, flux detector excitation, and heading
syncro excitation; + and - 15 VDC regulated supply for the
analog circuitry in the system; +15 VDC unregulated voltage
fo~ the stepper motor in the indicator; and +5 VDC regulated

supply for the system digital 1logic «circuitry [3:5-33].
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Course Setect Knob compass Card

Figure 2.4. The Heading Indicator [1:2-9]

Also, separate regulated grounds are maintained for the
analog and digital circuitry. For the GYRAC system, the
above mentioned supplies and grounds are routed to a central
power distribution panel to provide the necessary power for
other GYRAC hardware (see Appendix E).

The indicator is typical of the type seen 1in the
cockpit of small aircraft, as shown in Figure 2.4. A digital
stepper motor is used to drive the heading display in
response to the signals generated in the directional gyro.
The signals from the gyro consist of a two phase excitation
drive that is connected to the four stepper motor leads as

shown 1in Figure 2.5. Each time the A or B waveforms (see
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Figure 2.5. Stepper Motor Drive Circuit [2:4-1]

Figure 2.5) change state, the motor shaft moves nine degrees
in a direction determined by the previous state of the
waveforms. This motion 1is reduced to a 0.25 degree card
rotation by a 36:1 gear train assembly [2:4-1]. Thus, the
display card moves in increments of 0.25 degree thereby
limiting the resolution of the heading angle to + or - 0.25
degree movement of the indicator display can be tracked by
a syncro control transmitter (CX) which is mounted
internally on the rear of the compass card shaft (see Figure
2.6). This CX 1is intended to provide a slaving signal to
another display, but can be used to get an absolute

electrical representation of heading. This fact is crucial

25
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Syncro Control Transmitter (CX)

Figure 2.6. Indicator, Exploded View [P:%5-5 .
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Figure 2.7. Internal Structure of a Syncro Control
Transmitter and its electrical representation.
[18:2]

to the realization of the GYRAC system. If the rotor of the
CX 1is &excited with a reference voltage (AC), then syncro
format voltages will appear as output across the S1, S2,
and S3 terminals (see Figure 2.7) [18:2]. These voltages
are a function of the shaft angle 0. For example, if the

rotor (which has a single winding) is excited bv a reference

voltage across R1 and R2 (see Figure 2.7) of the form:

A sin(wt)

Then the voltages which will appear across the stator
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terminals will be:

S1 to S3 = A sin(wt) sin &
S3 to S2 = A sin(wt) sin( & + 120 )
S2 to S1 = A sin(wt) sin{( 6+ 240 )

where © 1is the shaft angle,.

These voltages are known as syncro format voltages
[18:2]. A desirable result of the syncro output is that it
can be easily converted to a digital signal with a standard
syncro~to-digital (S/D) converter. An SDC1700 12 bit S/D
converter made by Analog Devices is used (see Appendix A and
C) to provide a TTL digital binary representation of the
heading angle (shaft angle). The SDC1700 also provides an
angular velocity output in analog form which will be
converted to digital by an analog-to-digital (A/D)
converter. The A/D converter to be used is also produced by
Analog Devices and is a 10 bit converter (Part # AD573, see
Appendix A and C for detail),

The magnetic flux detector senses the direction of the
earth's magnetic field and converts this information to a
three-wire syncro format, much like the CX in the indicator.
This information is transmitted to the indicator for slaving
purposes, see Figure 2.8 for an exploded view of the
detector. The flux detector can be oriented so the gyro
system displays a heading relative to some artificial North

direction. This feature is used to align the GYRAC system
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Figure 2.8.
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Figure 2.9. Slaving Unit [1:2-19]

_ (:T with some convenient navigation coordinate system in the

.j; test area.

: The slaving unit, shown in Figure 2.9, contains a

C>' slaving meter, slaving switches, and corrector circuitry
which can compensate for the effect of 1local magnetic
disturbances on the flux detector. The meter current |is

;- generated in the directional gyro base assembly (slaving

L logic) and represents the difference between the flux

;f: detector sensed heading and the heading displayed on the

.;% indicator. The slaving switches allow the gyro system to be

fz operated in either a free-gyro mode (no slaving with the

ﬁgi flux detector) or in the slaved mode (automatic slaving with

}F flux detector). There is also a manual slaving switch which

S
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:ji} can be used to rotate the display card in the indicator
either clockwise or counter-clockwise., 1In addition to the
slaving meter and slave switching functions, the slaving
unit also includes a compensation circuit. This circuit
causes a shift in the magnetic direction vector and thus can
compensate for "hard iron" effects caused by nearbye ferrous

materials.

The Accelerometer Subsystem.

The accelerometer used in this thesis 1is a QA-1100
servo-type single-~axis accelerometer produced by Sundstrand

Data Control Incorporated (see Figure 2.10). The sensor, as

Figure 2.10. The QA-1100 Accelerometer [20]

shown in Figure 2.11, consists of the following key elements
[7:1-3]:
1. A proof mass, pendulously supported and ideally

constrained so as to allow only one degree of
freedom about a well defined axis fixed within the
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ﬁ" [7:1-3]
¥ Y
b sensor.
f. 2. A pick-off that can sense extremely small displace-
: ments of the proof mass.
;¢ 3. A torquer, which 1s a coil positioned within a
;j permanent magnetic field and attached to the proof
j mass, allowing force to be applied to the proof
mass in response to a current passed through the

; coil.

{ 4. A restorer circuit, or servo, that causes an
" electrical current to flow through the torquer coil
o in response to a pick-off signal. The resulting

electromagnetic force balances the inertial

q reactive forces.

>
$

$ The basic operation of the accelerometer is that of a
>
*1 linear single axis electro-mechanical device for measuring
- |
o 32
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acceleration. The operation is based on movement of the

..
)
L
.t

proof mass during acceleration. A pickoff senses the
displacement of the mass and the servo amplifier develops a
current which 1is supplied through the torque coil to
' rebalance the proof mass. Thus, the rebalance current is
proportional to the sensed acceleration and is a very
xi accurate measure of acceleration. As more acceleration |is
. applied to the accelerometer, the assembly will maintain the

proof mass position and rebalance current will increase with

1

0D

ﬁ increased acceleration until the sensor saturation limit is
;J reached. An exploded view of the actual sensor assembly can
= =

4

{j be seen in Figure 2.12.

e
ey

This type of accelerometer does not come with an

i
b’z
'y

] Q_. internal (factory set) load resistor (RL in Figure 2.11).

i: Thus, an external load resistor must be provided. This is

gVl

éi desirable since the ranging, or sensitivity, of the
accelerometer output can be chosen to suit specific

&

applications. The value of the external load r2sistor |is

l’ '('.
v

X

%: determined by the following formula [7:3-6]:

S

“

e

gl R = voltage sensitivity desired

-~ L

:} current sensitivity of the accelerometer

=

v

23 The current sensitivity of the QA-1100 is approximately
i‘ 1.3mA/g (where g is the acceleration due to gravity). For
o this thesis, the accelerometer is configured to have a
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;) Figure 2,12, QA-1100 Sensor Assembly, Exploded View
- [7:1-4]
‘ky
[
: o, .
P sensitivity of 2 volts/g. R consists if a single precision
L

L)

" resistor in series with a 10 turn trim-pot for fine +tuning
jj- of the sensitivity (see Appendix B for schematic detail).
ffj As with any measurement device, the accelerometer has a
.!‘ scale factor and bias error. However, without the use of a
fﬁ centrifuge, these values are very hard to determine to a
N substantial degree of accuracy. Nonetheless, a tumble test 3

i

!. T can be performed and has been performed. A tumble test
2 34
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consists of positioning the accelerometer with the input

axis exactly vertical, pointing downward and then upward.
The sensor will detect the earth's gravity vector. The two
nmeasurements (input axis up and input axls down, refered to
as VOUT) are then used in the following equation:

v = V X Scale factor + Bias
ouT ACT

Here V is 2 volts (since 2 volts/g is the sensitivity of
the aggzlerometer). Use of this equation results 1in two
equations and two unknowns (scale factor and bias). Pre-
liminary testing of the accelerometer has resulted in a very
small value for bias (about 2 milivolts) and a scale factor
of very near unity. Thus, for this thesis, the scale factor
is assumed to be equal to one and the bias is assumed to be
zero. This assumption will be discussed further in Chapter V
under Review of Assunptions.

Accelerometers cannot distinguish between gravity and
true acceleration. This fact is a major concern in the GYRAC
system and must be accounted for. A special mounting plat-
form has been built for the accelerometer allowing for
complete leveling. The accelerometer platform will be
initially adjusted until a very near zero reading is estab-
lished from the accelerometer. However, during movement of
the GYRAC system it is highly likely that errors will occur

in the accelerometer output due to travel over a non-

level surface. This problem is discussed further in Chapter

35
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Figure 2.13. Accelerometer Integrator and Scaling Circuit

V under Review of Assumptions.

The output from the accelerometer is connected to an
integrator circuit, shown in Figure 2.13. The output, which
is velocity, 1is scaled such that one volt is equal to one
foot per second of velocity. This analog voltage is then fed
into an A/D converter (another AD573) resulting in a 10 bit

binary representation of velocity.

GYRAC Computer and Interfacing Subsystem.

Up to this point, the gyro subsystem and the
accelerometer subsystem have been discussed. The resulting
output of these systems will be in digital form as mentioned
earlier. The remaining task is to transmit these signals out
to an external computer where they can be used for
navigation purposes. This 1is accomplished through a bi-
directional GYRAC sensor bus, the GYRAC computer, and an RS-

232 1interface. The sensor bus contains eight data 1lines,
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four address lines, and one read/write line. Since the gyro
and accelerometer data is all larger than 8 bits, the data
from each of these devices must be gathered in two separate
parts. This causes timing problems since the S/D and the A/D
converters constantly update themselves with the most
current measurement. This means that after a data signal is
obtained, the value in the converter will change before the
second half of the data signal can be transmitted.

This problem was solved by latching the data into a set
of tri-state latches. These latches will hold the data as
long as necessary, allowing sufficient time to transmit both
bytes of the data signal. See Appendix B for more design
detail. Also, since each data signal from each converter is
divided into two parts, a separate address is used for each
part. Thus, six addresses are needed to obtain all the gyro
and accelerometer data. A seventh address is used to reset
the integrator constant to zero (by discharging the
capacitor over the op-amp). This reset is required to insure
no initial condition exists on the integrator and can be
used to reset the integrator periodically when the GYRAC
system 1s not moving. See Appendix B for detailed design
layout of address decoding.

All computer interface devices, the integrator circuit,
the A/D converters, the accelerometer load resistor circuit,
and a set of 7-segment LED displays are located on a general

purpose wire-wrap card. The LED displays are used to read
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the heading information coming from the S/D converter and

display it in hexidecimal format. This information is used
for initial alignment of the flux detector and
troubleshooting. A layout of the wire-wrap card and the LED
circuitry can be seen in Appendix B.

The GYRAC computer was originally a custom printer
interface <card built for AFIT, but was modified to its
present state. The processor is a 6802 based microprocessor
with 1k of ROM and 128 bytes of RAM. A modification was made
to add an additional 2K bytes of static RAM to increase the
menory capability. The new memory map is detailed in
Appendix D. The computer also contains an asynchronous
communication interface adapter (ACIA) which converts eight
bit parallel data to RS-232 format serial data and handles
all handshaking to an external computer. A parallel
interface adapter (PIA) is also resident on the computer
card which acts as the interface between the GYRAC sensor
bus and the GYRAC computer bus. A power modification was
also made to the computer to create its necessary + and - 12
volts and -5 volts from the + and - 15 volts available from
the gyro base. The GYRAC computer software is present in the
ik EPROM (see Appendix F for program listing) allowing the
computer to receive and respond to commands from an external
computer via an RS232 serial link. A schematic diagram of

the GYRAC computer showing the RAM and power modifications

can be seen in Appendix D. Appendix E contains the edge
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connector wiring diagrams for all the GYRAC system circuit
boards (S/D converter card, interface card, and computer

card) showing all interconnecting plugs.

GYRAC System - Theory of Operation

The purpose of this section is to provide a clear
picture of how the GYRAC system functions as a whole. It is
intended to supplement the previous subsystem descriptions.
This discussion begins by explaining what occurs on system
power-up and ends with a description of how the system
responds to a command input. The slaving switch is assumed
to be placed into the "slaved" position (representing a full
up configuration of the GYRAC). The GYRAC must be
stationary upon power-up to allow for stabilization of the
flux detector.

Once power has been applied to the system, the rotor
(spinning mass) in the gyro begins to rotate. Output from
the gyro (the two square waves) is paused while the rotor
comes up to operational speed (16,000 rpm). During this
same time, a red HDG flag (compass warning flag - see Figure
2.4) is displayed on the indicator face. This red flag is a
visual indication that the displayed heading is not valid.
While the rotor is coming up to speed, the slaving signal
from the magnetic flux detector is allowed to pass to the
indicator providing the reference signal for magnetic north.
The compass card in the indicator is rotated at the fast

slaving rate, 360 deg/min [6], until the reading on the
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?. indicator 1is in agreement with the magnetic flux detector
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slaving signal. Once the rotor has reached operational

L; I'J‘
L

speed, the red HDG flag is removed and the indicated heading

' N
14 14
2%

is wvalid. This wusually occurs about one to two minutes

x

after power-up. Any robot system using the GYRAC must

282

account for this spin-up and alignment time (perhaps through

,--,
'.
A

a timed delay before requesting initial GYRAC data).

s

The absolute heading of the GYRAC system will be
ﬁi accurately shown on the indicator and on the LED display in
o 12 bit hexidecimal. Any rotational movement of the GYRAC
will be sensed by the gyro which provides the signal to keep
¢ the 1indicator accurately positioned. In addition, the
. indicator will respond to deviations from the flux detector
slaving signal at the slow slaving rate, 3 deg/min [6].
- This slow rate is used to prevent the indicator from trying

. to follow an unstable reading from the flux detector. The

e flux detector is very sensitive to movement, so its output
i; can only be trusted after it has stabilized. At this point
?E (after the initial alignment), the flux detector signal
%ﬁ serves primarily to compensate for gyro errors, such as
?; drift. This particular gyro has proven to Dbe a very
'i} accurate and stable reference. The drift rate of this gyro
,: is less than 0.25 deg in 12 hours [8]. For this reason, the
i: slaving signal from the flux detector could be turned off
EE (switch to "free gyro" mode) after initial alignment |is
-; B outained.
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After the heading data becomes valid, the GYRAC |is
ready to receive a command input. The firmware operating in
the GYRAC computer is continuously checking for an input.
Once an 1input arrives, it 1is compared to a 1list of
acceptable commands. An acceptable command is a single byte
of data in ASCII format representing the capitol letters A
to O, see Appendix F for command definitions. If it is a
valid command, the firmware program sets the appropriate
address on the bus to enable the requested data (be it
heading, heading rate, or velocity). The desired data is
collected over the data bus (one byte at a time), converted
to serial format and transmitted out via the RS-232
interface. The RS-232 interface is a simple three wire
interface consisting of transmit data, receive data, and
ground. See Appendix E for more detail.

It is important to note that the digital heading output
is in a right-handed reference system. That is, the heading
angle increases with counter-clockwise robot rotation. This
is backwards from the visual indicator unit. The indicator
displays 1increasing heading angle for clockwise rotation.
Therefore, the digital output from the GYRAC and the LED
displayed heading will not agree with the visual indicator
except at O and 180 degrees. The GYRAC digital heading
output was intentionally made to conform to the more

conventional right-handed reference systemn.
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ITI. Integration of the GYRAC System onto MARRS-1

Structural

The entire GYRAC system is contained in a new third
body tier which has been added to the top of the existing
MARRS~1 physical structure. It is separated and supported
from the lower body tiers by eight 10.0 inch by 3/8 inch
diameter threaded and tapped aluminum rods. The all
aluminum third tier 1is 12 sided and 20.5 inches by 20.5
inches by 7.0 inches high and contains two swing down
removable-pin hinged doors to allow easy access to internal
components. An 18.0 inch U-shaped aluminum tower extends
above the third tier to provide support and ferro-magnetic
isolation for the gyro's magnetic flux detector.

In addition, four aluminum plates were constructed and
attached to the first and second body tiers 1locking them
together into a single rigid body. This was done because
the original robot design allows for separate body rotation
of the first and second tiers. The GYRAC requires a fixed
orientation relative to the entire body and can not tolerate

rotation without introducing navigation errors.

Electrical

The electrical and mechanical subsystems of the GYRAC
are completely isolated and independent of the remainder of
MARRS-1. Power for the GYRAC is supplied over an external

cable and connects to the body tier via a four pin DIN plug
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(see Appendix E for detailed power distribution). All gyro
commands and data are passed to and from the GYRAC via a
standard three wire RS-232 serial interface. Connection is
made on the GYRAC body via a standard RS-232 DB25 cable
connector (see Appendix E for pin out details). These are
the only two external connections required to operate the
GYRAC. It is important +to note that both of these
connections and system operation is independent of MARRS-1.
Therefore the GYRAC could easily be removed from the MARRS-1
structure and mounted on a different platform.

Utilization of the GYRAC system by MARRS-1 for
navigation requires communication between three different
onboard computers and a single external disk based computer
for program transmission and data collection. Figure 3.1
illustrates the required interconnections.

The navigation computer, a Motorola 6802 based system

resident in the first body tier, 1is the navigation system

control computer. Its purpose is to collect sensor data
from the GYRAC and drive computers, transmit collected data

to the external computer, analyze this data and decide how
to move, and then issue the appropriate commands to the
drive computer.

The GYRAC computer, a Motorola 6802 based system
contained in the third body tier, accepts requests for data,

formats the data if necessary, and then transmits the

requested data.
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The drive computer, a Motorola 6801 based system by
Virtual Devices located in the first body tier, is the main
robot computer. It controls all robot sensors and devices
except the sonars and optical encoders, which are controlled
by the navigation computer and the gyro and accelerometer
which are controlled by the GYRAC computer. This computer
is able to respond to both requests for data and commands to
activate a device. However, as used in this thesis, the
drive computer only accepts commands to move the steering
wheel and start and stop the main robot drive motor.

The external computer, a Z80 based CP/M system by
Heathkit, would not be required in a field deployed
operational robot. However, as used in this thesis for data
collection, it must be connected in order for the navigation
software to function correctly.

All communication between the four computers is done
via standard three wire RS-232 serial data links at 9600
baud. A cable is connected between the navigation computer
Port X and the drive conmputer MENOS port. A second cable is
connected between the navigation computer Port L. and the
GYRAC computer. The 1last cable is connected between the
navigation computer Port T and the external computer. All
cable connections are made with standard RS-232 DB25
connectors, They are located on the robot's rear lower
panel, except the GYRAC connector which is on the back of

the third body tier. Notice that all inter-computer
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E]
i“: Port L of the navigation computer was not originally
‘:t designed to support 9600 baud. Therefore, a modification
f? was made to the navigation computer board to allow Port L to
\:? select from one of eight switch selectable baud rates. It
.
:?: is now identical to the layout of Ports X and T [10]. All
“14 ports are currently set to 9600 baud.
: In addition, the DB25 connector on the lower rear panel
‘i\ was wired 1in parallel to an existing 1internal cable to
;?j: provide both 1laser barcode communication at 300 baud
ot (original cable) and GYRAC communication at 9600 baud (new
e
}Q connector). Note that both functions can not be used
r‘.'.-_
;;f simultaneously.
l'/,' ) .{:“
1)
e Software
Ii? The MARRS-1 GYRAC system consists of four different
.}ﬂ custom software programs which can be run in three different
B system configurations to provide both test data and MARRS-1
N navigation.
Eb The first configuration allows direct communication
[
::f with the GYRAC computer to allow testing, calibration, and
GO
:Q checkout of the GYRAC subsystem. It makes use of the GYRAC
S
;H program resident in read only memory (ROM) on the GYRAC
s
o computer board. An RS-232 cable must be connected between
ﬁfﬁ the GYRAC and the external computer. The modem 720 program
S
yfj (M72) 1is executed on the external computer to provide
‘tq “ outside communications capability. Commands are typed on
SO
'fg 46
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the external computer's terminal and the corresponding data
from the GYRAC is displayed. See Appendix F for complete
operating instructions, structure charts, and program
listings. Note that not all data 1s displayed since the
GYRAC data is transmitted in a raw eight bit serial format
which produces occasional non-printable characters.

The second configuration allows for collection and
storage of heading, velocity, and angular velocity data at
precise 0.1 second intervals. In addition, time mark data
and distance moved from all three wheel's optical shaft
encoders 1s provided. All data is reformatted to printable
hexadecimal format which may be displayed on the external
computer's terminal, saved to disk, or printed on the
printer. It makes use of the GYRAC monitor program, in the
GYRAC computer, and the GTEST overlay program, in the
navigation computer (see Appendix F and G for GYRAC and

GTEST program details). An RS-232 cable connection \is

required between the GYRAC computer and the navigation
computer Port L and between the external computer and the
navigation computer Port X. The M72 program is executed on
the external computer to provide communication with MARRS-1
to send appropriate commands and receive data. See Appendix
G for complete operating instructions, structure charts, and
program listings. The MBASIC programs CONVERT and POSITION
(see Appendix I) may be run on the saved data to produce a

data plot.
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The third configuration demonstrates 1limited mobile
autonomous robot navigation (using only heading data) and
collection and storage of gyro heading data. The heading
data 1is reformatted to printable hexadecimal format which
may be displayed on the external computer's terminal, saved
to disk, or printed on the printer. It makes use of the
GYRAC mbnitor program, in the GYRAC computer, the MARRS.NAV
program in the drive computer, and the NAV progran, in the
navigation computer. An RS-232 cable connection is required
between the GYRAC computer and the navigation computer Port
L, between the navigation computer Port X and the drive
computer (MENOS), and between the external computer and the
navigation computer Port T. The M72 program is executed on
the external computer to provide communication with MARRS-1
to send appropriate commands and receive data. See Appendix
H for complete operating instructions, structure charts, and
program listings. Note that the NAV and MARRS.NAV software
demonstrates a very simple method of navigation and inter-
computer communication. They are not intended to form the
basis of a field application, but to 1illustrate gyro

functionality.
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IV. General Robot Navigation Theory

With the recent growth in research in the area of
mobile and autonomous robotics, it is only a matter of time
before a truly autonomous mobile robot becomes a reality.
This robot will possess a navigation system capable of
gathering and processing sensory information to accurately
determine its location. In addition, the navigation system
will also maintain a world model of the robots environment,
perform path planning (determine travel routes around known
obstructions), and provide for dynamic obstacle avoidance
(method of surmounting unknown obstacles). The task of the
navigation system will be very complex and its future
development 1is crucial to the realization of a mobile
autonomous system.

Two major aspects of the robot navigation problemn,

world modeling and path planning, will be the topic of this

chapter. Dynamic obstacle avoidance is considered beyond
the scope of this thesis and will not be covered. First
some governing assumptions will be discussed. Second, an

overview of several popular approaches to world modeling
will be presented. Third, a new world modeling technique
will be introduced. Finally, this chapter will conclude
with a detailed presentation of path planning based on this

new world model.
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ASSUMPTIONS

Since the world model is intended for use by a land
based robot (MARRS-1 in particular) which can only move in
two dimensions, only a two dimensional "floor plan" type
world model will be considered. Robots that could extend or
shrink themselves vertically would constitute a special
category which is beyond the scope of this paper. For more
information on three dimensional modeling and path planning
see [15]. This section will also be concerned only with a
robot which can be modeled in two dimensiomns as a circle
(consistent with the use of MARRS-1). Some techniques for
treating robots of other geometries can be found in [15].
Finally, it is assumed that all locations on the world map

can be represented directly in an absolute reference frame.

PAST APPROACHES

World modeling can be thought of as providing a
description (in essence a map) of the robots known operating
environment. This information must be expressed in terms
that the robot can easily understand and best utilize.
Virtually all models to date represent the physical world of
the robot in two dimensions using an outline picture method.
Two approaches have been used to describe the robots world.
One approar* has been to model all the obstacles in the
robots world. The other approach has been to model the free
space or safe areas of travel for the robot. Basically, the

choices are to model where the robot can or cannot go.
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Figure 4.1. Circular approximations of physical objects
[16:24]

Moravec [17] proposed modeling all physical obstacles with
their enclosing circles. The radii of the enclosing circles
could be increased by a small amount to provide a clear area
of buffer space surrounding the obstacle. This would help
prevent collisions between the robot and the obstacles. The
primary drawback of this method is the waste of useful free
space (see Figure 4.1).

A better way to model physical objects would be to use
straight line polygonal closed surface approximations. The
lowest order polygon possible would be the best choige,

Lozano-Perez [15] has done considerable work in this area.
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Figure 4.2. Polygon approximations to real world obstacles

He not only chooses to model physical objects as polygons
but as convex polygons. A convex polygon is a polygon with

no internal angle greater than 180 degrees (see Figure 4.2).

Given that all obstacles are represented as convex
polygons, a path can Dbe found around an obstaéle by
searching for a path around the vertices or corners of the
polygzon. For example, to go from point A to point B, in
Figure 4.3, a path is planned going through each vertice of
the polygon obstacle. Only the paths that do not cross the
obstacle are considered possible. Either path 1 or 2 could
he taken. Both traverse the outside perimeter of the
obstacle and result in the shortest paths available
Physical objects such as that shown in Figure 4.2 which are
not convex in shape are either modeled as convex anyway or
modeled as overlapping convex polygons by Lozano-Perez (see

Figure 4.4).
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Technique of Lozano-Perez for going

around an obstacle.
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f} Figure 4.4. Examples of how an obstacle may be modeled

- using Lozano-~Perez technique.

®

;' For a circular shaped robot, Lozano-Perez proposes a
f; technique of displacing the vertices of an obstacle by the
¢ ‘Y;‘ radius of the robot [15:562]. Thus, the robot can be
;j treated as a point; thereby, greatly simplifying the path
-

- finding problen. This technique is illustrated in Figure
E; 4.5. Notice how the robot (now a point) is made to pass
:d through the extended vertices.

by

oy The technique of Lozano-Perez has several dis-
'; advantages. It can be wastefull of free space and |

|

(f; conmputationally inefficient because physical objects must be
-
;:j modeled as convex polygons. In addition, this technique
ﬁ’ forces the robot to hug an obstacle as it goes around it.
L Relatively small errors in the world map or in the
Q}ﬁ navigation data greatly increase the probability of a
N collision.
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Figure 4.5, Vertices of all obstacles are extended outward
so the robot <can be treated as a point.
{15:562]
Monaghan [16] also proposes using polygon

approximations for obstacles, but does not restrict the
polygons to convex shapes only. This results in a better
representation of the actual shape of an obstacle with a
minimum number of total vertices. He also shrinks the robot
to a point mass and enlarges the obstacles by a 1likewise
amount by extending the sides of the polygons (remember
Lozano-Perez extended the vertices). Monaghan's path

finding technique is similar to that of Lozano-Perez where a
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Figure 4.6a. Monaghan's modeling technique [16:47]

search of the vertices of an obstacle is performed to find a
way around 1it. Monaghan's work emphasizes finding the
shortest path to the goal point. Thus, a vertice of an
obstacle is used as a ''way boint" as shown in TFigure 4.6a.

However, an inside corner (resulting from the use of

nonconvex obstacles) is never considered as a way point (see
Figure 4.6b). This technique does give the shortest path,
but it is certainly not the safest (due to possible
collision).

So far, the obstacles modeling approach to world
modeling has been discussed. We have seen that obstacles
may be represented by elther their enclosing circle or a

polygzonal approximation. Another approach to world
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[16:48]

modeling 1is to model the free space which a robot may
occupy.

Brooks describes the free space which a robot may
travel as a network of cones [16:25]. Obstacles are polygon
shaped and the free space between the faces of these
polygons can be formed into generalized cones or '"freeways"
(see Figure 4.7). The robot is restricted to travel along
the center or 'spine" of these cones. This technique is
less prone to collision since the robot 1is required to
remain at the centerline of free space. The major problem

with this method, as pointed out by Monaghan [16:28], is

"the difficulty of modeling the map to account for movement
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{ (o
NS o of any obstacles. Repositioning a single object c¢ould
,%Cf involve comparing each of its faces with all those of every
,:SZ other obstacle to recompute the adjacent free space cones."
()
OAC Another free space modeling technique directly models
?;ﬁ the regions through which the robot may travel. This
:i} technique is attributed to Crowley [16:28]. Crowley models
L]
e the free space around objects through a series of convex

polygons (see Figure 4.8). It is important to note that any
two points within a convex polygon can be connected with an

unobstructed line (see Figure 4.9). Thus, movement confined

::21 to within the borders of a convex polygon is guaranteed to
ii;j be collision free. Motion is restricted, however, when it
‘2;: - is necessary to travel to other regions (adjacent convex
S 58
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Figure 4.8. Convex regions separated by doorways
represent free space [16:29] .

Fieure 4.9. Any two voints, F and Q, in or on 5
convex polygon may he connected by an
unobstructed straight line {16:45] .,
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polygons). This can only be done through a defined

"doorway'" (see Figure 4.8). With this modeling technique,

finding a path results in searching the network of doorways
and free spaces.

Crowley also treats the robot as a point much the same
way Lozano-Perez does. However, while Lozano-Perez enlarges
obstacles to account for the robots size, Crowley shrinks
his free space by an amount equal to the robot radius. One
problem with Crowley's technique can be seen in Figure 4.8,
Notice that for just one obstacle, five free space regions
must be stored into memory. Also, if an obstacle is moved
many free space regions must be recomputed. Crowley's use

of doorways, however, 1is very appealing and will be

expounded upon later.

A NEW TECHNIQUE

A brief discussion of the current schools of thought

for modeling a robot's world has preceded this section. By
ﬁ% combining some of these ideas, a better method can be
ji obtained. Consider the following approach:
&3 1. Obstacles will be modeled as polygons (not just
iy convex).
e
ot 2. The obstacles will be enlarged so the robot can be
py treated as a point.
]
1*3 3. Abstract safe points will be established such that
b at 1least one safe point can be reached from
W anywhere in the robots environment.
*v
o
’, ~o - This method is a combination of obstacle modeling and free
K 60
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Figure 4.10 Room with two obstacles.

space modeling techniques. For example, in Figure 4.10, a
roomn is depicted with two obstacles. Note that one obstacle
is convex in shape and the other is not. Now, a series of
doorways can be established much the same way as in
Crowley's technique. The free space is divided into
ad joining convex polygons as in TFigure 4.11. Then, doorways
are established between adjacent convex regions. Next, the
free space boundaries are removed leaving only the obstacles
and the doorways (which are represented as a series of
points - see Figure 4.12). These doorway points are called
"safe points". If a direct path is obstructed, a search is
made of the "safe points'" and indirect paths can be obtained
as in shown Figure 4.13.

Unlike Crowley's technique, requiring a doorway be used
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Free space is divided into convex regions
to define "safe points."
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Figure 4,12,

Only obstacles and safe points are modeled.
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Goal
Robot

=
non

Figure 4.13. Indirect pathways pass through safe points.

- as passage between free space regions, this technique uses
doorways or safe points only when the goal is obstructed by
an obstacle. Direct passage can take place anywhere in the
room as long as the pathway 1s unobstructed.

To avold having pathways which run very near the side
of an obstacle, the free space boundaries must be carefully
chosen when e¢stablishing safe points. For example, Figure

4.14 shows again the way Crowley separates a room into free

space regions, This is a poor choice since it may require
sustained travel very near an obstacle or Dborder. Notice
how the path to the goal runs parallel to the wall. This

increases the chance of collision. As a rule of thumb, free
space boundaries should be constructed so they never run

parallel to an obstacle face or exterior boundary. Figure
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i‘ N 4.15 shows the same room only this time with different free
{
:f} space Dborders. None of the borders are parallel to an
e obstacle face or exterior boundary. Figure 4.15 also shows
s the new path for the same starting and goal points as in

STRE Figure 4.14, Notice how the path no longer hugs the wall.
e By using this rule of thumb, safer pathways can be planned.

b .- This new technique offers several significant

:,;, advantages. By wusing regular polygons to model obstacles,
r;; an accurate representation of the actual physical object can
%H; be obtained, wasting little or no free space. Treating the
_:&1 robot as a point precludes having to consider the volume of
Et? space occupied by the robot. Using "safe points" to plan

paths around obstacles keeps the robot a safe distance from

i
: obstructions. Thus, fewer collisions should occur. Above

all, this method is simple and requires minimum computer

memory.

e This technique also has a few disadvantages. It could
i&i be argued that not yielding the shortest path is a
ig? disadvantage. However, for a robot not under a tight energy
e

tg or time constraint, the shortest route is not necessarily
f}; the Dbest,. Safety may be more important. When the world
éﬁ{ nodel becomes very complex, some other disadvantages appear.
.g; If an obstacle is moved, several safe points may have to be
:Ei recomputed., Also, as the number of obstacles increases, the
,;% number of safe points goes up almost exponentially resulting
'gf - in heavy computational loading.
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DETAILED PATH PLANNING

World modeling and path planning are highly dependent
upon each other. Path planning cannot take place until a
world model has been determined and the best world model is
one that provides for the best path planning. In the
preceding discussion of world modeling, it was necessary to
consider path planning in a general sense. For example, the
robot must determine if an obstruction lies in its direct
path to the goal. How does the robot do this? How does the
robot determine the best indirect path if an obstruction
exists? Details of path planning will be discussed in the
following section which will answer these questions.

The world model is stored in the robots memory as an
ordered 1list of points. All of the points (X,Y) are
relative to the same reference systen. Each obstacle is
described by an ordered list of its vertices. Also, the
vertices of all exterior boundaries are stored (to the
robot, exterior boundaries are just more obstacles). Safe
points are stored as a separate list of points. Thus, a
simple room can be represented as in Figure 4.16.

Assume that the robot is located at (17,10) and the
goal 1is 1located at (2,11) as depicted in Figure 4.16.
Notice, that the direct path to the goal 1is obstructed.
This 1is obvious to us, but how does the robot xnow this?
Before answering this question lets review some geometry.

Figure 4.17 shows a line segment connecting the points K and
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t\i (8,7)

b (3,2)

- Figure 4.17, Line connecting two points can be represented
through parametric equations.

M (e
- ) L. This 1line segment can be represented by the following

N parametric equations [16:62]:

X=X + (X -X)s
A K L K

T Y=Y + (Y -Y)s (1
‘" K L K
AN Substituting the coordinates of K and L. into the parametric

A equations results in the following expressions:

§
P)
4
it

3 + (8 - 3)s

~
1

2 + (7T - 2)s

e 68




(Xp,¥p)

14
>

Figure 4.18. Line connecting two arbitrary points.

@ ' Simplifying

X =3 + 5s

>
I

2 + 5s

(X,Y) obtained from these equations will always lie on the

line segment for s between O and 1.
Now consider another set of points P and Q as shown in
Figure 4.18. Let this 1iine be represented by the following

parametric relations

X=X + (X -X)t
P Q p
Y=Y + (Y -Y)t (2)
P Q P
69
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v Eﬁﬁ where t is the parameter in this case. Again, if t lies
r between O and 1 then (X,Y) is on the line joining P and Q.
The parametric relations (1) and (2) can be used to develop
a test which can determine if two line segments intersect
! [3]. Selving the set of equations (1) and (2) simultaneously
for the parameters s and t results 1in the following

expressions:

e

'

.

T (X -=X)(¥ -7Y)-(Y -Y )X -X)

[ Q p p K Q p P K

= g =

(X -x)J)(¥ -Y)-(( -Y )XY -X)

® Q P L K Q p L K

0 (3)

f'{:.'j- (X - X )Y -Y)-(Y -Y)X(X -X)

RO L K p K L K P K

R e t =

{ (o (X =X )(Y -Y)-(Y -Y )X -X)

- Q P L K Q P L K

;fn The parameter values, s and t, obtained from the above
9 expressions can be used to determine if two lines intersect.

Ef Two lines intersect only if both s and t take on values

gff between O and 1. This test will hereafter be refered to as
;‘ the parameter test.

:i; To determine if an obstacle lies in the direct path of

;:Q the robot, the parameter test is performed. The robots

';f location and the goal point form one set of points (K and

ﬁ:ff L). The vertices (P and Q) of each obstacle are then used,

:E, one pair at a time, to determine if an intersection exists,
Wi

::5 All obstacles or obstacle faces may not need to be checked

-4
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_25 Figure 4.7 Two safe points can be reached through a direct
path from the robots present position.
20
e for intersections. No more tests are needed once the first
intersection is found. Of course, if no intersections exist
. then the robot has a clear direct path. If an intersection
b
| is found, the robot must determine an indirect path.
fﬂi To letermine an indirect path to the goal point, the
": robot must perform a search through all the safe points and
»;{ determine which ones he has direct access to. The parameter
-
jﬁ~ test 1is again used to eliminate the safe points with dir-ct
.
2, path obstructions. For our example (Figure 4.19), two safe
o
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Figure 4.20. Two safe point paths lead to the goal.

points can be reached by a direct path from the robots
present location. From each of these reachable safe points,
a direct path to the goal is checked for obstacles (again
using the parameter test). If no direct paths exist, another
safe point must be found. For our example, this 1is not
necessary since the goal can be reached directly from either
safe point (see Figure 4.20). However, which path should be

taken?

To select the "best" path among several possibilities,
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an optimization test is performed. For each possible path, a
cost function is maintained. The optimum path is the one
with the lowest cost value. The cost function expression is

as follows:

2 2 2
COST = (X -X ) +(Y -Y ) +(X =-X )
K P1 K P1 P1 P2
2 2
P1 P2 Pn-1 Pn
2 2 2
+ (Y -Y ) + (X - X ) + (Y -Y)
Pn-1 Pn Pn G Pn G
where K = Starting Point
P = Safe Point
G = Goal
n=

number of safe points used

This cost function is merely the sum of the distances
squared of each leg of the path. Thus, the optimum path is

the shortest path.

CONCLUSION

World modeling and path planning represent only a
portion of the general robot navigation problem. However,
their importance to the reallzation of an autonomous mobile
robot system should not be taken lightly. Before a robot can
begin to move, it must have some knowledge of its
environment and it must be able to plan out a collision free
route through its environment. This problem has received the

recent attention of several researchers. Some of the current
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techniques of world modeling have been presented along with

a new approach. Path planning, under this new approach,
consists of finding an unobstructed pathway to the goal
point. Safe points are used only if a direct path does not

exist. The details of this path planning have been developed

through a simple example.
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V. Testing, Analysis, and Results

The testing of the GYRAC system was divided into three
primary phases. The goal of each of these phases is listed
below:

Phase 1I. Verify the functionality of the GYRAC
system,

Phase 1II, Determine if the data from the GYRAC can
be used to accurately track the 1location
of the robot (MARRS-1) as it moves about
the test area.

Phase III. Demonstrate the capability of MARRS-1 to
use GYRAC heading data to follow a
programmed heading exercising closed 1loop
steering control.

Phase I

The primary thrust of this phase was to verify that
every part of the GYRAC system operated properly. This
turned out to be a tremendous task consuming a substantial
portion of the allotted thesis time.

For Phase I testing, the GYRAC was connected to an H89
computer through an RS-232 interface and interrogated via
M72 modem software. A logic state analyzer, and
oscilloscope {(see Appendix L) were used to troubleshoot the
GYRAC hardware, firmware and verify correct operation of the
GYRAC computer. Excluding the accelerometer subsystem, all
hardware and software was eventually verified to function
exactly as planned. The accelerometer subsystem could not
be completely verified until subjected to motion. However,

under static test several problems were encountered.
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Output from the accelerometer integrator circuit was
continually changing. Within a few minutes after power-up
of the GYRAC system, the integrator output would becone
saturated. Operational amplifier (op amp) integrator
circuits of this type, operating normally, eventually
integrate into saturation under a constant input. However,
the rate at which the ouput from the GYRAC integrator
increased was much faster than anticipated. The input to
the integrator (output from the accelerometer) was not
constant, due to the extreme sensitivity of the
accelerometer to movement, but it was very small (about
0.1mv). Such a small input should not cause saturation of

e the integrator so rapidly. An identical integrator circuit
(’ was breadboarded for testing.

The breadboarded integrator circuit was tested without
an input (zero input voltage) and within a few minutes after
power up it would integrate into saturation (just like the
actual circuit). This was unexpected. After consulting
with Analog Devices Corporation, it was discovered that the

observed drift rate could be modeled mathematically through

i)
-

2

the following equation:
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where R = drift rate
I = current bias of operational amplifier
B
C = capacitance of integrator feedback

It can be seen from the above equation that in order to
decrease the drift rate, it is necessary to decrease the
current bias of the op amp or increase the capacitance 1in
the circuit, or both. The AD544 op amp (see Appendix A),
manufactured by Analog Devices, was selected as a
replacement due to its low current bias of 10 picoamps.
Also, the integrator circuit was redesigned to contain a
higher capacitance. Both a 200 microfarad and a 2000
microfarad capacitor were ordered. After obtaining the
capacitors, they were measured for actual capacitance and
resistors were chosen to achieve the appropriate gain for
the integrator circuit. The 2000 microfarad capacitor was
selected for installation into the GYRAC due to the very low
drift rate achieved in the test circuit with this capacitor.
The 1lowest possible drift rate was desired since the input
signal to the integrator circuit is also very small.

After installation into the GYRAC, the accelerometer
circuit was again tested. The results were much better than
originally obtained. However, the output from the
integrator was erratic and inconsistent. Through a process
of elimination, another problem was found. The active CMOS
switch used to reset the integrator (through software) was

leaking current into the integrator circuit and charging the
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OUROY capacitor thereby causing the 1inconsistent and erratic
:;J output. The switch 1is presently disconnected from the
g&? circuit and a manual reset of the integrator must be
S;i performed by physically shorting across the capacitor.
l A At the end of Phase 1 testing, the accelerometer
EE% subsystem appeared to be functioning correctly. The GYRAC
?Sé system was ready for Phase II.
: I Phase II
%?; The objective of Phase II was to collect GYRAC heading
;3 and velocity data while the GYRAC was under motion and post
':j process the data to determine the location of the robot
%;; (MARRS~1) in the test area. The computed location of the
?ﬁ” i robot could then compared with the actual location to test
il (, the performance of the GYRAC system.
;ﬁ; For this phase of testing, the GYRAC was fully
‘iﬁi integrated with the MARRS-1 test bed. A memory overlay
e program, GTEST.A, was created to take advantage of firmware
i} already operating inside the NAV computer. Clifford and
é;i Schneider had produced NAV computer firmware for collecting
 ; data from the various optical shaft encoders and sonars
%&i onboard the MARRS-1. [10:B-1] The overlay program replaces
EE: Clifford and Schneider routines for gathering sonar data
!j with routines for gathering GYRAC data. See Appendix G for
SEE GTEST.A structure charts, program listing, and operating
:%S instructions.
é; QRW All data are received through an H89 computer via M72
DRSS
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vt ) modem software and are then stored on floppy disk. The

iﬂ collected data are 1in exactly the same format as
7%& Clifford/Schneider data [10:IV-11] with the GYRAC data in
;4; place of the sonar data.

if‘ The raw GYRAC data is in hexidecimal format so an
jé% MBASIC program called CONVERT (see Appendix I for 1listing)
‘-‘ was created to convert the raw data to integer format. The

integer data ls then used in another MBASIC program called
POSITION (see Appendix I for listing) which computes the

position of the robot in the test area based on the GYRAC

®

gf heading and velocity data and a given initial position. See
E?J Appendix J for a sample output from the POSITION program.
7;; (;4‘ The computed position is in terms of a cartesian coordinate
;ﬁi: o system centered in a corner of the test area as shown in
E Figure 5.1. The GYRAC is aligned such that heading 1is
\FE; referenced to zero degrees along the x-axis and increases in
ﬁ%} the counter-clockwise direction, right handed system.

.Egt After several test runs with consistent but unusual
t%; results, the accelerometer subsystem was again suspect. The
‘:’? computed position of the robot indicated almost no movement,
i?i see Figure 5.2. The velocity levels gathered from the GYRAC
;ﬁz were much too small. Eventually, it was discovered that the
:; integrator circuit was loading the internal accelerometer
?Ej restorer circuit (servo), see Figure 2.11. The result was a
'§§ total changing of the characteristics of the accelerometer.
.;§§ 'Sﬁa The voltage sensitivity of the accelerometer, 2 volts/g, was
S
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no longer valid. A tumble test of the accelerometer was
performed with the accelerometer completely connected to the
the rest of the GYRAC, under full electrical load. The new
voltage sensitivity was measured to be 0.393 volts/g instead
of the 2 volts/g desired. This explained the low velocity
levels. However, the accuracy of this newly measured
sensitivity was questionable since the total loading effect
of the integrator circuit could not be determined. The
0.393volts/g was measured at the load resistor R (see
Figure 2.11). Using this new sensitivity, further %esting'
resulted in computed positions that were in error on the
high side. The computed location of the robot was always
downrange from the actual location, see Figure 5.3. This
indicated that the actual sensitivity of the accelerometer
must be higher. An average sensitivity value of 0.6volts/g
was obtained by comparing test runs usinag the 2v/g
sensitivity with those using the 0.393v/g sensitivity. This
0.6v/g sensitivity resulted in computed positions mnmuch

closer to the actual positions but still only with "ball

park'" accuracy, see Figure 5.4. In addition, the results
were not consistent, sometimes high and sometimes 1low,
almost random. Another problem had been around from the

beginning; the output from the integrator (velocity) would
not go back to zero after stopping MARRS-1. These problenms
indicated a possible error in sensed acceleration.

Several tests were performed with only the
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accelerometer in the system. The integrator circuit was
completely disconnected and the accelerometer output was
connected to a gain circuit which was connected to the A/D
converter. Pure acceleration data was obtained to determine
the 1levels of acceleration achieved by the MARRS-1 under
normal movement about the test area. These tests were very
revealing. Figure 5.5 is a plot a acceleration vs time and
illustrates the random nature of the sensed acceleration.
It shows that the actual acceleration due to motion sensed
by the GYRAC is on the same order of magnitude as the sensed
acceleration due to tilt error (sensed gravity). In
essence, the signal to noise ratio of the system is about
one. The MARRS-1 moves at such a slow speed that the actual
acceleration never gets much over the noise 1level. For
example, in Figure 5.5, it is not obvious when the robot
began mnovement and when it stopped. In Figure 5.5, the
robot actually started forward movement at 2.3 seconds and
was at a complete stop at 13.8 seconds. Thus, the
acceleration data from the GYRAC and likewise the velocity
data cannot be relied upon without some type of error
compensation or a stable platform. The assumption of a
perfectly smooth and level surface had been violated.

Due to the results from the acceleration tests, it was
not necessary to continue Phase II testing. The
accelerometer subsystem could never perform adequately

without major modifications. Therefore, the third phase of
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testing was initiated since it did not require the use of

T~ the accelerometer subsystem.

n Phase III

The purpose of Phase III testing was to demonstrate the

;}: feasibility of using gyro heading data for closed 1loop
ixk control of the MARRS-1 steering motor. This effort produced
) -

. a navigation program for the Nav computer that requests

heading data from the GYRAC system and issues commands to a
control program in the drive computer (see Appendix H for
® listings, structure charts, and operating instructions for
both programs). The robot will rotate in place until locked
?ff on the specified heading. It then follows the given heading
fﬁf \." correcting for course errors as it moves until manually
stopped. In addition, at each point where a course

correction is considered the heading data is transmitted to

ts an external computer for storage and off line analysis (see

.;f: Appendix X).

"éi Three problems surfaced during the design and testing
33 of this systen. First, a communication execution speed
ﬁ% problem; second, a steering motor response problem; and

‘25 third, a steering over correction problem.

T&G Implementation of this system of navigation routines
%{ required communication between four different computers:
4

{E: the Nav, GYRAC, Drive, and external computers. The manner
§§ in which these communication links and interfaces were
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implemented have a significant impact on the navigation
performance.

The 1link between the GYRAC and the Nav computer is an
RS-232 1line operating at 9600 baud. As used in this
application, one byte commands are issued by the Nav
computer and two bytes of heading data are returned by the
GYRAC conputer. The communication programs at both ends of
the 1link are written in assembly language to make the 1link
perform efficiently and quickly. This 1link performed
without error and did not significantly slow down the
navigation process.

The 1link between the Nav computer and the external
computer 1is very similar to the GYRAC-Nav computer 1link.
It also performed well and did not slow down the navigation
process.

However, the 1link between the Nav computer and the
Drive computer, as implemented, slowed down the course
correction process. this resulted in impaired navigation
performance. Once again, a 9600 baud RS-232 l1link was used.
However, communication over the link does not use single
byte commands and is only driven Dby assembly 1language
communication routines at the Nav computer end.

To simplify implementation, the decision was made to
use the existing Drive computer communication interface and
assembly language control routines for the steering and

drive motors. The Nav computer controls the operation by
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command and a specific memory address (ASCII format).

ik ' ¥

-3 Execution of these subroutines by the Drive computer
o controls the steering and drive motors. Unfortunately, the

Drive computer communications software interface requires a

L - ' .

- small time delay between bytes of data. In addition, each
i Drive computer motor control subroutine executes a voice
command, READY, before returning control of the system back
. to the communications routine. These two unnecessary time
‘? delays 1limit the Drive computer to at most one command per
q second which limits the rate at which course corrections can
. be made.

The command communication problem is further compounded
ii; by a slow steering motor response. The steering motor does
- not move instantly from one position to another. It takes
- as 1long as four to five seconds to move 180 degrees. In
addition, once the wheel is turned to the desired angle it
takes a finite amount of time for this change to produce a
measurable course correction. Small changes in wheel
direction can produce large changes in robot heading if
given sufficient time for movement, but the robot will be
-2 off course for this entire time period.
4 The solution used to alleviate these problems is time

delay. Time delays are executed for each steering command

to allow the wheel sufficient time to move to the directed

3 position. Small time delays were also added after each
'S
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L
:ﬁﬁ iﬁ?‘ course correction to allow time for the wheel direction
;:_f change to take effect.
Eff A steering over correction problem occurs when the
Qi“; steering wheel is turned for course corrections. The Nav
L:c computer 1is not able to straighten the steering wheel onto
‘ﬁg, the correct heading before the robot has overshot the
:E; desired course. This causes the robot to oscillate around
5 ! the given course resulting in an unstable system where the
‘;é overcorrections become increasiangly large.
L;i; This problem has several causes. First, the gyro
IE{; heading data 1is measured in increments of approximately
R 0.088 degrees, but the robot can not set a course to this
,fl‘ accuracy since the steering stepper motor moves in one
f ) 1;: degree increments. Therefore, 1t must altermately switch
Eﬁgi between two adjacent steering stepper motor settings to
;tg follow most headings.
.“‘ Second, due to Iirregularities 1in the floor and an
T;E. unbalanced weight distribution of the robot platform over
%sg its wheels, the robot drifts from a "straight course" even
”E}} if the steering wheel is locked in the center position.
é:gi Third, course corrections are made in one degree
;EZ; increments each time the heading is sampled and found to
%:f deviate from the desired course. If a large course
§$T correction must be made, many wheel turn commands will be
%ﬁ% issued causing a sharp wheel angle to be present when the
0 desired heading 1is detected. The wheel can only be
,, 90
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,E‘ fg}' straightened by many more wheel turn commands in the

1__ opposite direction. However, during this time the robot
<

’:i: will continue moving in the wrong direction incurring a
:{Z large overcorrection error.

‘; The overcorrection problem was solved by defining a

’ZEE heading window formed by dropping the least significant four
;Eé. bits of the twelve bit heading reading. This makes the

{ | window approximately 1.5 degrees wide with the desired

iéf heading 1located on one of the sixteen possible headings
i;r inside the window (unfortunately not centered in the
:P window). Any heading inside the window is defined to be the
TV

;Ea "correct course'. The unstable oscillations are damped by

- moving the steering wheel to the center position (straight

{.~ {;' ahead) with a single command as soon as the edge of the
?;- heading window is detected. Detected headings within the
j; heading window do not produce a course correction, but allow

i;: the robot to continue moving straight ahead (steering wheel
Eé centered).

%E Additional time delays have bLeen provided after each
Eﬁ course correction to allow small steering changes more time

‘ii' to take effect. This works well only if the robot begins
;- its movement within or near the heading window. To insure
';f that this always occurs, a rotate-robot-to-heading-window
:;? routine 1is executed before following the directed heading.
;;5 This aligns the robot's heading within the heading window
37 before forward motion is started.
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Figure 5.6 graphically shows the heading data for a 33
foot robot run where the robot's initial heading was within
the heading window. No rotation occurred since the initial
heading was 88.15 degrees which is inside the heading
window. The heading samples are not evenly distributed in
time, but occur at course correction decision points.
Notice that the robot still oscillates around the given
heading, but the oscillations are damped making the
navigation system stable. This figure also shows that few
detected headings are in the heading window which produces
many course corrections and therefore small oscillations
around the window.

Figure 5.7 shows a 33 foot robot run where the initial
heading was not within the heading window. An initial
heading of 66.53 degrees is not shown on the graph since the
robot rotated without forward motion to 88.15 degrees which
is the first point shown in the figure. Notice that the
rotate routine aligned the robot's heading within the
heading window. Figure 5.7 also shows the course tracking
accuracy that can be obtained when the navigation system
"locks on" to a course ilnside the window.

As in the previous figure, Figure 5.8 does not show the
initial heading of 112.67 degrees. The robot automatically
aligned itself inside the heading window by rotating to a
heading of 87.54 degrees. Notice that a large number of the

heading points are again outside the window resulting in
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course oscillation. However, the oscillations are not as
severe as in Figure 5.6.

Careful study of all three figures indicate large
oscillations occur when larger wheel angles (from the center
position) are used. This causes frequent course changes to
be executed because detected headings are not within the
heading window. However, because course deviations
oscillate around the actual course the mean course was very
close to the desired course. The worst case oscillations
resulted in movement of plus or minus five inches around the
desired heading. No course drift was observed which is
supported by a worst case final destination error of five
inches. Therefore, feasibility L gyro Dbased robot

navigation has been demonstrated.

Review of Assumptions

The purpose of this section is to address the validity

and impact of each assumption made in Chapter I and Chapter

II.

Five governing assumptions were set forth in Chapter I.
The first assumption, concerning local maghetic
disturbances, proved to be wvalid. The magnetic flux

detector was aligned only once and throughout the testing of
the GYRAC, consistent heading information was obtained at

all points in the test area.

The second assumption, that of a perfectly smooth and

level operating surface, was the nemisis of this thesis. As
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f y o mentioned under Phase II testing, the effect of
«E&f accelerometer tilt error was far greater than anticipated.

As a result, the GYRAC velocity data can not be used for
2 navigation.

The validity of the remaining three assumptions (a

tf‘ perfect 1integrator, constant velocity over sample period,
AR
Lo and precisely Xnown sample time), all dealing with the

accelerometer subsystem, could not be determined due to the
inaccuracy in sensed acceleration. The effect of each of

these assumptions is expected to be small given an accurate

acceleration measure.
In Chapter II, it was assumed that the bias and scale

- factor errors would be negligible. The effect of this

.

g
-
s
L

‘5{. assumption could not be determined. However, due to the
Eij very small acceleration levels involved with the movement of
; E: MARRS-1, the bias and scale factor errors could have a
o significant impact on the accuracy of the sensed
;;1 acceleration. In this case, they would have to be
‘;; compensated for.

L

,)ia Miscelaneous

294

’ﬁxj The gyro Dbase assembly, which serves as the power
:sf source for the entire GYRAC system, was noticed to get
fﬁg extremely warm during operation of the GYRAC. To avoid
';fé damage to the base assembly, a separate source of +5 vonlt
atb{ power was instituted. A separate external power supply is
3w
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used to source the +5 volts and is provided through the same
cable as is used for the system +28 volts external supply.
This modification greatly reduced the load on the gyro base
assembly and corrected the heating problem. The GYRAC power
panel diagram in Appendix E has been updated to reflect this

change.
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VI. Summary, Conclusions, and Recommendations

Summary and Conclusions

The purpose of this thesis was to design and fabricate
a real time, point to point, closed loop, mobile autonomous
robot navigation system for the MARRS-1 robot.
Specifically, the thesis was limited to three primary tasks.
The first task was to develop the GYRAC system which would
be capable of providing heading and velocity data. The
second task was to integrate the GYRAC onto the MARRS-1
robot for verification testing, and the third task was to
demonstrate autonomous navigation with the MARRS-1/GYRAC
systen.

Each of the these three parts was completed with the
last task being completed to a limited extent. The GYRAC
system 1is a complete and functional unit. However, the
velocity data from the GYRAC is not usable for navigation.
As mentioned in Chapter V, the true acceleration due to
motion rarely, if ever, gets above the tilt error sensed by
the acceleroneter. This results in an ambiguous
acceleration signal and thus an inaccurate velocity signal.

This problem has two major causes; the acceleration
actually experienced by the MARRS-1 as it travels across the
floor is very small in magnitude and short in duration; and,
there is no error compensation in the accelerometer
subsystem for gravity induced (tilt) errors. Nothing can be

done about the small accelerations experienced by the

929
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MARRS-1, since it 1is an inherently slow moving robot.

Furthermore, speeding up the movement of MARRS-1 would not
solve the problem since any flexible robot navigation
system must be able to perform well at all reasonable
speeds. This means that to make the GYRAC a completely
usable system, a method of isolating the accelerometer from
gravity tilt error must be incorporated. There are several
methods for overcoming this tilt error problemn. Several of
these are presented in the Recommendations section.

The problenms encountered with the accelerometer
subsystem should not overshadow the success with the
remainder of the GYRAC system. The GYRAC has proven to be a
very reliable and accurate source of heading data. This
heading data can be used by any robot system with an RS-232
serial interface. In addition, the heading data available
from the GYRAC can be with respect to any reference
direction and only one alignment along this reference is
necessary. Subsequently, the GYRAC need only be powered up
and will automatically provide accurate heading data with
respect to the aligned reference. This GYRAC heading data
could be combined with a separate source of distance
neasurement, such as wheel optical shaft encoders, to
produce a viable navigation system. This could be
accomplished on the MARRS-1 through software alone and is
discussed further in the Recommendations section.

The GYRAC is completely integrated onto the MARRS-1 and
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several tests of the integrated system have been completed
verifying the compatibility of the two systems. Numerous
software routines were produced allowing for communication
between the MARRS-1 and the GYRAC and for data gathering and
processing purposes. Complete detail of these programs can
be found in Appendices G, H, and I.

The MARRS-1 is not yet capable of autonomous
navigation, but a step was made toward that goal. The
MARRS-1 can follow a given heading under self control of
the steering stepper motor. MARRS-1 can be 1initially
positioned at any heading and under self control it will
rotate 1in place until it is aligned along a programmed
heading, straighten out the front wheel, and begin forward
movement making steering corrections as it travels in order
to maintain its heading. Currently, the MARRS-1 will follow
the programmed heading until manually stopped. With the
addition of a distance measurement to the control
algorithms, the MARRS-1 could be programmed to move
autonomously about the test area.

Finally, the 1importance of robot world modelling and
path planning to autonomous navigation should not be taken
lightly. Before a robot can begin to move it must have sone
knowledge of its surroundings and it must be able to plan out
collision free and efficient pathways through its
environment. Some of the current techniques of world

modelling have been presented along with a new approach.
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;m, R Path planning, under this new approach consists of finding
j% an unobstructed pathway to the goal point. Safe points are
ii used only if a direct path does not exist. The details of
:i. this path planning have been developed through a simple
;Eb example,
?é Recommendations
lf There was not time to accomplish many of the goals
fs; optimistically set forth at the beginning of this thesis
?ﬁ: effort. In addition, throughout the development of the
:ﬁ GYRAC system and while working with the MARRS-1 robot, many
Eg problems were identified too late to correct and many new
-
;gﬁ ideas were conceived too late to implement. Therefore, the
'\-. &;} following recommendations are offered as possible extensions
535 of, or improvements to, this thesis:
fﬁ 1. To correct the tilt error problem with the
.; accelerometer subsystem in the GYRAC, some type of error
:& compensation is necessary. For example, two or more
i; accelerometers could be added to the system. These
‘:; accelerometers would be perpendicular to each other and
Ej perpendicular to the existing accelerometer. By aligning
fﬁ one accelerometer along the vertical and the other along the
%S horizontal (but perpendicular to the exlisting
s accelerometer), a signal could be generated which would be
;ﬁg proportional to the amount of tilt experienced by the
o platform. This signal could be subtracted from the original
y N
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accelerometer signal; thereby, nulling out the tilt error.

Perpendicular accelerometer pairs are commercially available
through Sundstrand Data Control Incorporated and other
manufacturers. In addition, due to the small amount of
acceleration actually experienced by the MARRS-1, another
single-axis accelerometer should be purchased with much
greater sensitivity. This accelerometer would replace the
current QA-1100 in the GYRAC. A full scale range of plus or
minus one "g" would be sufficient (the QA-1100 has a range
of plus or minus 13 '"g's") and would result in accelerometer
readings which would be less succeptible to bias and scale
factor errors. Also, a new integrator circuit should be
designed with a much higher impedence to avoid loading the
accelerometer internal servo circuit. This is necessary so
the sensitivity of the accelerometer will not be effected by
the integrator circuit. The new integrator circuit nust
also be designed with drift rate in mind, as described in
Chapter V under Phase I testing.

2. Another possibility for correcting the tilt error
problem would be to incorporate a displacement gyro. This
gyro could be used to sense small displacement angles of the
accelerometer into the vertical. This displacement, or
tilt angle, could be used to generate a signal proportional
to the amount of accelerometer tilt. This signal could then

be used to null out the tilt error.

3. The tilt error problem could also be corrected by
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using a stable platform, such as those used in inertial

navigation systems (INS), to mount the accelerometer. Only a
single axis platform would be required to maintain the
accelerometer input axis in the horizontal plane. Taking
this suggestion even further, a complete INS could be
incorporated on the MARRS-1 or another robot instead of the
GYRAC. An INS would provide velocity and direction
information sufficient for navigation.

4, The GYRAC heading data could be combined with
an external source of displacement data, such as the wheel
shaft encoder data on MARRS~1, to produce data suitable for
position determination.

5. Tests need to be conducted to compare the accuracy
of computing the position of MARRS-1 based on pure wheel
shaft data with computed position based on both GYRAC
heading and wheel shaft data.

6. More work is necessary to refine the control of the
MARRS-1 allowing it to follow a given heading. Reasonably

accurate navigation was observed using the relatively simple

approached outlined in Chapter V., However, several
improvements can be made that should greatly improve
performance.

First, the drive computer control programs and

communication software should be rewritten in assembly

language using single byte ASCII commands. This will

eliminate command and communication time delays allowing
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':% 1}¢ faster steering response (hundreds per second as opposed to
!. one per second). This would also allow the heading window
. to be narrowed which would help reduce oscillations.
:{ This change also requires the command routines of the
! Nav program to be changed, but nav.a (see Appendix H) has
?E been designed in a three level structure to make changes and
;S additions easy. The bottom level consists of hardware and
\
: device dependent routines such as transmit a byte of data to
;i the Drive computer. The middle level of intermediate
f routines uses the lower level routines to define function
‘; primitives such as turn on drive motor at high speed. The
;5? top 1level of commands use the function primitives to form
- navigation commands such as rotate until 1locked on the
{ isz heading window. Therefore, each level is independent of the
f} way lower levels are implemented which limits the effects of
*j changes to within a module.
:; Second, more intelligent steering control routines
Qi should be developed. They should anticipate when to start
;i straightening out the front wheel instead of trying to do it
7; all at once as was done in this thesis. In addition, they
ij should be able to move the steering wheel 1in increments
5} proportional to the amount of correction needed as opposed
.g to single degree increments per correction. These additions
= will flatten out the oscillations and provide better
; navigation accuracy.
:: 7. Once an accurate method of position determination
105
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and of controlling the MARRS-1 is verified, the next step
would be to develop the math routines necessary for HNMARRS-1
to perform the onboard processing required for navigation.

The full world model as described in Chapter IV could then

be implimented

capability.
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to provide the MARRS-1 with path planning
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SDC 1700 S/D Converter Data Sheet

t ANALOG
& DEVICES

Low Profile

Synchro/Resolver-to-Digital Converter

SDC1700/1702/1704 SERIES

FEATURES

Internal Microtransformers for 60Hz, 400Hz and 2.6kMz
References

Low Profile (0.4"7)

10-, 12- or 14-Bit Resolution for 360°

High Tracking Rates (75 revs/sec}

Voltage Scaling with External Resistors (Unique Feature)

DC Voltage Output Proportional to Angular Velocity

Low Cast

Lightweight 3oz. (85 grams)

MIL Spec/Hi Rel Options Available

APPLICATIONS

Servo Mechanisms
Retransmission Systems
Coordinate Conversion
Antenna Monitoring
Simulation

Industrial Controls

Fire Control Systems

Machine Tool Controi Systems

GENERAL DESCRIPTION

e SDC1700. SDC1702 and SDC1704 are modular. conun-
uous t:cking Synchro/Resolver-to-Digital Converters which
employ a type 2 seno loop

They are intended for use 11 both Industrial and Military
appiications

The wnput signais can be cither 3 wire svnchro plus reference
or 4 wire resoiver plus reterence. depending on the option
The outputs will be presented in TTL compatible. paralic!
natural binary

One of the outstanding features ot the converters is the usc
of precision Scott T and reference microtransformers Thus
has made it possible to mciude the transformers wathin the
moduie. even on the 60Hz vprion. and yet sull mamtam
the prohile beskr of O "

Parucular attention has been pard in the design. to achieving
the highest tracking rates and acceierations possible, com-
patible with the resolution and carrier frequency used. while
at the same time obtaining a high overall accuracy.

Whea SDC s are used 1 control loops, itis often usctu! ty
tave d voitage winch s proportiunal to angular veloortn . This
voitggr 1s avaslable and has been brought nut on all the
SDHCIT00 converters

Extended temperature range versions ot all the converters
are available.

MODELS AVAILABLE

The three Synchro-to-Digital Converters described 1n this
data sheet differ primaniy i the areas of resolution. acew
racy and dynamic performance as foilows

Model SDC1702XYZ 1s a [0-Uit converter whice Bas ar
overall accuracy ot 222 Jrc-minutes and a resoiution ot 21
arc-minutes

Modei SDCITOONYZ 1s o« 12-bit converter with an overai
accuracy ot £8 5 arc-minutes and 4 resolution o1 §.3 are-

minutes

Model SDC1TO4XY Z 1v 2 14-bit converter with an vrerall
accuracy ot $2.2 arc-minutes *1LSB and a resolutien ot 1 3

arc-minutes e

The XYZ code defines the option thus (X} signiires the
oprrating temperature range. VY siomities the refercnae e
quency, (2) signifies the nput voltage and range. and wnether
it will acvept svachro or resolver format

More information about the option code 15 ginen under the
heading of “Ordering Intormstion’

NOTE,
For all the standard opuons, no externai transtormers are necded
with thew converters

SYNCHRO & BESO!I VER CONVERTERS vOL. #l, 13-49
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SDC 1700 S/D Converter Data Sheet (continued)

SPECIFICAT'ONS (typical @ +15°C uoiess otherwise noted)

MODFLS sDCITO? SDCLT00 SOWCLTO4

ACCLRACY ' umax erron)

Ik ©22 acc minutes TR S arc-minutes * 2 arc munures S1inB
WiHz ' 12 arc minutes *8 5 arc minutes 2.2 o annuies TTLSR
2akHe ~2r arc-minuces tH S sccminutes “ 19 are munutes C1LSB
RESOLLTION 1O Bt (LESB = 21 g muns) 1Y Bus (ILSB = § 3 1o minw) 14 Bas tLESH = 1 3 are
OUTPLUT «n Paratleld LU thits tNaueal Binaryy 12 Buts (Natural Binaryy 14 Bits O gturn Baparey
SIGNAL AND REFERENCE
FREQUENCY auty, 300z, 2 okHy ¢ °
SIGNAL VOLTAGE (Line-to-Line)
Low Lened i1 3% rms M .
Hogn Level WV rms . *
SIGNAL IMPEDANCES
Luw Levet 0k 2 (Resistve) * *
Hign Level 200kSY (Resistived * i
REFEFRENCE VOLTAGE
Low Level 0V (11 8V Signal) * ‘
High Level LISV 190V Signaf) * °
Re FERENCE IMPEDANCE ITOREL LISV Signaly * *
56kil 126V Referenced * N
{Impeuince s Resistive) M .
TRANSFUHMER 1SQLATION SO0V de M *
TRACKING RATE ‘mum) )
avkz 5 Revoiutions Per Second ° 5007 cec
+o0Hz ? }o Revolunons Per Necond M 12 Revolytions Per Second
2 okHz 75 Revolunons Per Second - 25 Revoiutions Per Second
Accel
Coastant K, N
60HL 1880 sec” - 5205ec?
00HZ 110.600. sec? . EERVGATN
2 ohbz 518 000 cec? N L 70.000 sec’
STEP RESPONSE (1797 Seep!
For ILSB Errorn)
20Hz 1 Ssec . .
+0H, 125ms ¢ - *
2.akHz 50ms ’ *
POWER LINES 15V @ 25maA } ~5% M SISV §3omA | s 5o
-5V 8 TImA . 3V 4 8ima
SOWER DISSIPATION 1 Waus * 13 Wats
JATA LOGIC OL TPLT? ATTL Luads ~DCITO6Y 2 ITTL Luads SDCET06YZ ATTL Loads on
ITL Campanbley STTL Loads SDC17025Y 2 BT Lodas SDCLTCUSY Z All Upnions
ALY LOGIC OUTBUT. POSITIVE PULSE 1 TTL Loadr
Mg 2 s . 9 ys '
Y] 20Us ) oY . ERVLERS (T
2 Akl iy ‘ * {oTus ’
MAX DATN TRANSFER TIME
~tie iy * us
SO0H, 5 tus * Vs
2 okidz | Mgy * o AU
INHIBIT (NPUT o T (ntibngd Logie 78 VFL Lol * Togn 000 2 TTL 3 ady
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SDC 1700 S/D Converter Data Sheet (continued)

DATA TRANSFER (All Models)
The readiness of the convercers for data transfer is indicated
by the state of the BUSY pin.

The voltage appeaning on the BUSY pin consists of a train of
pulses, at TTL levels, of length according to the model and
option (see specificauon table). The converter 1s busy when
the BUSY pin 1s at a TTL "High™ level. These pulses corres-
pond to those delivered by the VCQ to increment or decre-
ment the up-down counter (see schematic diagram). Thus
the pulses will occur for increasing and decreasing counts.

The most suitable ume for transferring data is when the
BUSY is ata logic "Lo” state, and the times allowable for
data transfer arc shown in the specification. Even at the
maximum speed of the option, these times will be sufficient
to transfer data before the next BUSY pulse occurs.

-] }.— WIDTH DEPENDS ON OPTION
AND MODEL {SEE SPEC)

wer [ M

! DISTANCE DEPENDS !
ON VELOCITY

] +
DATA [0/ o o o
Data Transter Diagram

DATA TRANSFER DIAGRAM

Taking the INHIBIT to a logic “'Lo™ state prevents the VCO
(BUSY) pulses from updating the up-down counter. How-
ever, if applied during a BUSY puise, the INHIBIT will not
become effective unul the end of the BUSY pulse.

The best method of transfernng the data is by applying the
INHIBIT (taking it to a logic "Lo" state), waitng for at
least the width of a BUSY puise. transferring the data and
releasing the INHIBIT.

Note that sustained application of the INHIBIT opens the
internal control loop and the converter may take on ap-
preciable time to recover to full accuracy when tne loop
1s restored.

INTERFACING WITH A COMPUTER

It 15 recommended that external latches are vsed to enable
data to be transterred onto a computer data bus. One method
15 shown in the diagram. Using this method will mean that the
latches are conscantly updated by the BUSY signal, while at
the same tume enabling inputs to be made to the computer

by means of normal data transfer procedures. The AC1755
mounting card contains these external components.

—

l SOC11002:6 [ guyey
1

TO LATCHES

ISTATE
EnABLE

TO COMPUTER INPL'T PORT

Suggested External Computer Interface Circuitry

THEORY OF OPERATION
If the unit 1s a Synchro-to-Digital Converter, then the 3 wiie
synchro output will be connected to S§1. S2 and S3 on the
module and the Scort T transformer pair will convert these
signals into resolver format.
e, Vy =K Eg Sin wt Sin ¢

Va2 = K Fy Sin wr Cos 6

Where 8 is the angie of the Synchro Shaft

If the unit is a Resolver-ta-Digital Conventer, thern the 4 wire
resolver output will be connected to $1, €2, 2 and S4 on
the module and the microtranstormer will act pureiy as an

|

isolator. |

. 1
To understand the conversion process, then assume that the

current word state of the up-down counter 1x ©
The V', 1s muluphied by Cos ¢ and V. 1s muluphed by Sin ¢
to give
K Ly Sinwt Siné Cos ¢
and K kg Simwt Cos 8 Sine

. REF ~
HI
. Vi ERROA 1
Lo © HIGH SPEE AmP
[0} PHASE
S1 O MICRO- DIGITAL SENSITIVE
TRANS | v, SIN/COS DETECTOR
s2 FORMERS MULTIPLIER
s3 SIN [}
.
o4 0 |- t 9 (DIGITAL]
HIGH
. FREQUENCY
INHIBIT O UP-DOWN DYNAMIC
COUNTER RANGE VCO SHAPING
{ [ 4
%h.l BUSY VEL

DIGITAL
QUTPUT WORD

Functional Diagram of the SDC1700.2/4 Converters
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These sgnals are subtracted by the error amphfier to give:
Rty Sinwtimnd Cos9 - Cos d S J)
ot Kby SinwtSind M
A phase sensitive detector, integrator and Voltage Cuntrolled
Oscillater (VCO) torm a closed loop s stem which seeks to
il Sin - 9)

When this is accomplished. the word state of the up-down
counter (P). equais within the rated accuracy of the con-
verrer. the synchreo shaft angle 9.

CONNECTING THE CONVERTER

The electrical connections to the converter are straighdfor-
ward. The power lines, ‘which must not be reversed, re t[SV
and 5V. They must be connected ro the “+15V" ind “5SV"
pins with the cominon connecuon to the ground pin GND.

It s suggested that 0.1uF and 0.8uF :apacitors be placed in
sarallel from +15V to GND, trom -13V to GND and from
+«3V to GND.
The digiral output is taken from pins:

1 through to 10 for the SDC1702

1 through 10 12 for the SDC1700

1 :hrough to 14 for the SDC1704

Pin 1 represents she MSB in cach case. The reterence con-
necuons are made to pins "Ry, " and "Ry 5"
In the case of 1 Synchro, the signals are connected to “S1°,
“$2" and ‘$3" iccording to the following convention:

Esi —s3 = Epyo - ps Sin we Sin @

Es3 _ s2 = Eqpo - g Sin wt Sin (8 + 1207)

Es2 _ s1 = Eqro - qur Sin wt Sin (8 + 2407)
For a resoiver, the signals are connected to “S1°, “S2™,
*$37 and US4 according to the following convenuon:

Fsy ~ 93 = ErLo - gup Sin wt Sin 8
sz - s4 = Egpp - rro Sin wt Cos @

The inalog voltage represenung velocity 1s available between
“VEL™ and "GND'.

The "BUSY™ and "INHIBIT" pin (if used), should be con-
nected 15 vescribed under the heading “Dara Transfer’.

NOTE. If the INHIBIT pin s used (1e.. driven to O volts),
the control loop will be opencd ind a fimite nme will be
required (see spec) for the converter to recover.
OUTLINE DIMENSIONS AND
PIN CONNECTION DIAGRAM
Dumensions are shown i inches and (mm).

—— i ) e 4

1 Er e ] T
— L

- R e
I I e
RPN

4 woarngar
A ayew

R

MATING SOCKET: CAMBION $50-1348-01403
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RESISTIVE SCALING OF INPUTS

A umque teature of the SDCTTUY wnies of converrers s et
the inputs can be resisuvely scaled to accommuodate anv range
of input signal and reference voltages.

This means that a standard converter can be used with 2
personality card in systems where 1 wide range of input and
reference voltages are encountered. In 1ddition it shouid be
noted that 2 400Uz unit will vperate from a 2 6kHz reterence.
1t will however have the velocity and aceeleranion characeer-
istics as specified for the 400Hz converter. A 6UHz converter
will operate trom a 4+00Hz reference ind will have the veloc-
ity and acceleration characrernistics s specitied tor the AUHz
converter.

To calculate the values of the external scaling resistors for 2
synchro converter, add 1.11k§2 in sertes with $1. 52 and $3
per extra volt in che case of the signal, and 2.2k2 .n the case
of the reference. {n the case of a resolver converter add
2.22k§2 per extra volt 1n series with S1 and $2 tor the signal
and 2.2k§2 per extravoltin series with Ry or the reference.

For example, assume that we have an 11 8 volt line to Line
signal/26.0 voit reference converter, and we wish 1o use 1
50 volt line to iine signal with a 115 vole reference

Thus in cach signal input line, the extra voltage capabiiity
required is:
60 - 11.8 = 48.2 volts

Therefare each resistor needs to have a value of 48.2 x
1.11 = 53.5kS2. In the case of the reference, the exma volt-
age capability required is:

115 - 26.0 = 89 volts
Therefore the resistor needs to have a value of.

39.0 x 2.2 = 195.8kQ2

Thus the inputs can be scaled as n the diagram below

OretAA—-0 §3
NPUT O—eAA—d--O 52 soc
D AAA——0 ST
118V SIGNAL
I6Vaes

O—————t0 R, o
NSVagy Ae
DmeAAAee Ry

NOTE

N THE CaSE OF A1 A2 AND RY THE RAT'D £QAag
SETWEEN THE RESISTANCES .5 MORE :MPCRTANT
THAN THE ABSOLUTE PESISTANCE VALLES

ay a7 ay.s3sl
Rg 95 WL

N GENEAAL A TX RAT) CARCA WILL GIVE RISE
"7 AN EXTOA INACCURACY OF 17 1AC MINUTES
AMILE A RATIO rAROR DF ) 1% WILL GIVE ASE
fO AN EXTAA 'NACCURACY OF 17 ARG MINUTES

THE ARSOLUTE VALUE OF A, $ NOT CAITICAY

BIT WEIGHT TABLE

BBit Number | Weight in Degrees
ALY 3 10 UOHR)
M I OO0
3 LSRRI
3 12 oo
5 1] 23u0
4 5 h280
: 18123
M RO
b QT
T LSE tae SDOCLTTO2 DA E
11 [INEY |
T2 LoB tor SDCE "oy T
X D i
TH 0SB rar sDOL™04) AR
) . Y o - .._“

TN - Ot
ol

AT
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SDC 1700 S/D Converter Data sheet (continued)
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VELOQITY PIN

Ttus pin provides a voltage output which s proporuounal to
the angular velocity of the input. The voltage goes negatve
for an increasing digital angie and goes positve for a de-
creasing digital angle.

The charactenistics of the velocity pin output are given in
the table below

Scaling of Quiput Soltsge IVults tNomnal)

for Unr Fittn man Ve

Gose C ot
Ourput

Ot +70°C
50uV T C

-557C to +105°C
LTS

U-sec 1o 800 /sec SDC1704
400Hz 1%

O:sec to 100" raec
SUHI %

02 1o BUU ssec SDC)T00°2
00Hz 2%

W te 1007 se0
o0kH: | S8

@ 160U 1ec SDCT700°2/4
400H: 2m\ msy

w2007 1sec SDCIT00/ 274
60H: ImV rms

Output Voitage Temp Coett

Curput Voltage Dt «Ail Modetst

Lincann

SDC1704

SDC1700°2

Nuise (0 1o 20H1)

Impedance 1Output) 1
ImA

max Current Avaiable
The velocity voltage can be used in closed loop servo systems
for stabilizauon instead of a tachometer.
The SDC1700/2/4 velocity outputs do not have the disad-
vantages of being inefficient at low speeds and do not need
geanng required by tachometers. In addition, the ourput 1s
available at no extra cost

For other velocity output scaling and hineariey consuit the
factory

Two examples of the use of the velocity pin are shown 1n
the diagram below

DEMANDLD VELOCIT Y

IR 4124
1rne RO
Ubmants

g
L

Oiagrarm showing a velocity feed tarwerd spplication. The
SOC is used to produce the demanded velocity from Synchro
form inputs.

Ty LOAL

Oragran showing the velocity voltage being used ta stabiize
an electro-mechanical control loop

APPLICATIONS OF SYNCHRO-TO-DIGITAL
CONVERTERY

SDCs can be used 1n a vanety of wavsin control loops as

well as tor the conversion of angular data into a form whuh
1s readily acceptable to digital displays or computcrs

The diagram below shows an SDC being used in a digitally
controlled feedback loop

OEMaNOL
DIGITAL AN ()

Ui ta,

Oitay
FEIDRACH B

G Tou

ri | : N J\
! ! [ "'}—}-‘—"1—"‘

:ﬁ:: e

An SDC 8eing Used in a Digrtaily Controlled
Feedback Loop

Such loops as shown in the diagram above require the high
dynamic performance of the SDC1700 series converters. It
should be noted that in this apphication, the SDC1700 series
will replace conventional tachometers and phase sensitne
detectors while at the same ume provide digital position
feedback.

Many synchro systems emplov a two specd. geared arrange-
ment utlizing one svnchro for the tine shaft and one for the
coarse. An exampic ot this tvpe 1s shown beiow.

AR ST TN
an .t

apt .\7 N ey T
/’ .—?A_/‘

EREE
e T

e

coanss

v am
e,

Disgram Showing Coarse F ine Synchro Processor
System

In the above example, two tracking SDC s are bemng used 10
provide data tor coarse’tine (twa speed) data transmission
Sy stems

The TSL1612 15 4 processur which combines the outputs o1
two SDC’s to provide one output worg of up 10 19 bitsin
length

The TSL1612 s available tor any ratio between 2 1 and 36 1
and provides automatic compensation for musaliynment of the
coarse synchry relative toats snatt 1t alse corrects tor an
averlap between the diygirs of the roarse and tine shatt

SYNCHRO & RESOLVER CONVERTERS VOL. 1. 13-83
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Spc 1700 3/D Converter Data 3heet (continued)

MEAN TIME BETWEEN FAILURES (M.TB.F.)
The estimated mean time between tidures is given is follows:
SDCLIT00/2 174,000 Hours
sDC1704 167,000 Hours
Further informanon celating to M.T B.F. and to the quality
control and test procedures employed by us can be obtained
from the factory on request.

TRANSFER FUNCTION

The transter function of the SDC1700/2 and SDC1704,

400Hz versions, s given below.

For the transfer functions of the other models or for a de-

taled analysis of those given here, please contact us.
SDC1700/2 400Hz

B0 88X 10711 +0.8X107%5)

1 P +8.04X10%57 +6.1X 1055+ 8.8X 107
SDC1704 $00Hz

Ay 2.95X 107 (1 +8.2X 10735)

F1 9 .8.05X 1035 + 195 X 1055+ 2.95% 10

CARD MOUNTING

All the converters can be mounted on un AC1755 mounting
card. This card contains the latches descnbed under the “*Data
Transter” heading, which are necessary to transfer the dita on
to a computer bus system, and sockets (or the converter.

The latches have a tri-szate ourput to facilitate ease of use.

The AC1755 also contains facilities for the inclusion of in-
put signal and reterence scaling resistors as described under
the heading “"Resisuve Scaling of Inputs’™

The card uses 2 22/22 0.156" pitch edge connector. The pin
out s shown befow. {f 1t is not required 1o use the external
latches. they can be jumpered on the board.

AC1733 MOUNTING CARD
Dimensions shown in inches and (mm)
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ORDERING INFORMATION
Parts shouid he ordered by the appropriare part number e,

VOL. Il 1354 SYNCHRO & RESOLVER CONVERTERS

AT

SDCIT700, SDC1T02, SDC1704) fiilowed by the appropriate
XY Z opuon code.

If the ume s 10 be 1 Resolver-to-Digital Converter. the SDC
should be replaced by RDC in the part number.

The XYZ vpnions are 1y tollows:
X signifies the operating temperature ringe and the spuons
are:

X = § signifies 0 to +70°C (commercial) temperature.

X = 6 signifies -55°C to +105°C (extended) temperature.
Y sigmifics the reference frequency and rhe options are:

Y = 1 signifies $00Hz

Y = 2 signmities 6UHz *

Y = 4 signifies 2.6kHz
Z signifies the .nput signal and reference voltages and
whether the converter 1s an SDC or an RDC. The oprions are:

4

Z = | sigmfies synchro, signal 11,8V rms, reference 26V rms
Z = 2 signifies svnchro, signal 90V rms, reterence 115V ems
Z = 3 signifies resolver, signal 1 1.8V rms, reference 11.8V rmg
Z = 4 sigmifies resolver, signal 26V rms, reference 26V rms

Z = 8 signufies resolver, signal 11.8V rms. reference 26V rms

Thus, for example, an SDC1704 with 2 commercial 10 to
+70°C) opsrating range, usit.g a 400Hz, 28V reference with
an 11.8V signal would be ordered as an SDC1704511

For other than these oprions, coasult the factory.

CAUTIONS

Do not reverse the power supplies.

Do not connect signal and/or reference inputs to other than
S1, S2. 83, S+, Ry or R .

Do not connect signals and/or references to a lower voltage
rated converter. (Such as 2 115V Svnchro into a2 26V Con-
verter).

Misconnections as per the ibave will damage the uruts and
vold the warranoy.

OTHER PRODLUCTS

The SDC1700/2/3 converters are just 1 Yew -t the moduies
and instruments concemed with Svnchro and Resolver con-
version manutacrured by us,

Orher products are listed heiow and rechnical Jdara 5 avad-
able. [f vou have 1ny juestons idout nur products or
require advice about *he use »f them ar 1 particular pplica-
roa, please conract our Aopircations Engineerning Department.
TWO SPEED PROCESSORS

Which urilize the digitad outouts of two SDCs in 2 2 speed
coarse/fine svstem to produce one combined digital word of
up to 19 bitsin lengeh, The TSL1512 :in parncular s available
'or 1ny ratio between 2.1 and 16 1,

DIGITAL-TO-SYNCHRO CONVFRTERS
Resoiutions st between 10 ind 14 'ars are wvattable.

BCD OUTPUT SYNCHRO-TO-DIGITAL CONVERTFRS
The SBCDI1752 iad SBCDITSY e anverters with 1 BCD
nstead of 1 bimaey sutput based Lpon che SDCTT N They
Have autputs of T1E0 D degrees ond 0 ro a0 degrees
respectneiv

ERLITTERLL ¢ 19 §
Tor SCHz sperstion. a allifz onverter v an he Lsed sith no
reduction i accuracy
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ADS73% A/D Converter Data Sheet

x J

ANALOG
DEVICES

Fast, Complete 10-Bit A/D Converter
with Microprocessor Interface

ADS73"

FEATURES

Compilete 10-Bit A/D Converter with Reference, Ciock
and Comparator

Full 8- or 16-Bit Microprocessor Bus interface

Fast Successive Approximation Conversion — 20us
typ

No Missing Codes Over Temperature

Operates on +5V and — 12V to ~ 15V Supplies

Low Cost Monolithic Construction

PRODUCT DESCRIPTION

The ADS73 is a complete 10-bit successive approximation analog
1o digital converter consisting of a DAC, voltage reference,
clock. comparator, successive approximation register tSAR) and
3 state output buffers—all fabricated on a single chip. No external
components are required to perform a full accuracy 10-bst con-
version i J0us

The ADS73 incorporates the most advanced integrated circust
design and processing technology available todav. The successive
approximation tunction 1s implemented with I’L {integrated
imecuon Jogic . Laser tnmmung of the high stabilitv SiCr thin
film resistar iadaer nerwork at the wafer stage LW'T  insures
high accuracy. which 1s maintained with a temperature compen-
sated sub-surface Zener reference.

Opcraung on supplies of = 5V and - 12V to ~ 15V, the ADST3
will accept analog inputs of 0 to =10V or - SV to ~5V. The
traifing edge of a possive puise on the CONVERT line tnitiates
the 20us conversion cvele. DATA READY indicates completion
of the conversion. HIGH BYTE ENABLE HBE: and LOW
BYTE ENABLE LBE control the $-bit and 2-bit three state
output butfers.

The ADST2 s avaidable 1n two versions for the 0 to « 70
temperature range, the ADS™3] and ADS73K. The ADST3S
guarantees = ILSB relative accuracy and no mussing codes from
- Chwe 1280

*Protected by 'S Patent Nos. 3,940,760, 4.213,806, 4,136,349,
4.400.69, and 4,400,690

A-8

conTRUL

ADS573 FUNCTIONAL BLOCK DIAGRAM
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!
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an veioe) oas
QFFSET et e =l A e
-

Ta

l WUMEC ZENER AEF l

ADSTY

AD+

Two package configurauons are offered. All versions are also
offered 1n a 20-pin hermeucallv seaied ceramic DIP. The ADS73]
and ADS73K are also available in a 20-pin plasuc DIP

PRODUCT HIGHLIGHTS

The ADS73 iy a complete 10-but A D converter. No external

components are required to perform a conversion.

. The ADS73 interfaces 10 many popular Microprocessors
withoui external bufters or peripheral interface adapters. The
10 bits of output dats can be read as a 10-brt word or as 8-
and 2-bit words.

. The device offers true 10-bit accuracy and exhubits no missing
codes over its enuire operating temperature range

The ADS72 adapts to either urupolar ' 0 to = 10V or hipolar
- SV to = 5V analog inputs by simply grounding or opening

a single pan,

. Pertormance 1s guaranteed with = S\ and - 12V or - 15V

suppiies

ANALOG-TO-DIGITAL CONVERTERS VYOL.1, 10-47




ADS73 A/D Converter Data 3heet (continued)

SPECIFICATIONS (o5t ol =10 15 s st e o

ADS?3) ADSTIK ADSTYS
Model Min Trp Max Mia Ty Mas M Typ Mas Units
RESOLUTION 10 10 10 ity
RELATIVE ACLURACY! =1 212 i LB
Ty Tontw T z1 12 zl 158
FULLSCALECALIBRA TION? =2 =2 £2 5]
UNIPOUAROFTSET £l 12 £l LsB
BIPOLAROFFSET £ 12 1 LsB
DIFFERENTIAL NONLINEARITY? 10 10 o Bits
Th  Tonto o 9 10 10 Bus
TEMPERATURERANGE ] 70 v » "0 s -125 C
LEMPERATURE COEFFICIENTS®
< noetas Qitser 2 zl 22 Ls8
Ripotar Ottset £2 £l z2 L.sB
T4 Seate Calibranon® 4 2 EX LsB
POWERSUPPLY REJECTION
Positiv 2 Suppiv
T N S 1Y £2 1 £l LsB
Negative Supply
LTIV s 425V z2 =1 2 LS8
128V-V - 1L AV =2 £l z2 LsB
ANALOGINPUT IMPEDANCE 30 50 o 10 0 T 39 s0 "o (3¢
ANALOGINPUT RANGES
Uwnipoiar 9 + 10 0 ~ 10 9 - 10 v
Bipotar -4 L] -5 -5 -3 -$ v
OUTPUTCODING
Uninoiar Posiuve True Binary Posiuve True Binary Posiuve True Buary
. Fipolar Positive True Offset Binary Posiuve True Offset Binary Positave [rue Otfset Bunary
LN Tegieol TPUT
‘P Vigrpue ink Carrent
Nl - Voir 03V max, Taye 10 Ty, 32 12 32 mA
[ Dutpat Seurce Current®
R Viir 223V max, Toua 10 Tgs, (X3 05 05 mA
“apun Leakage 4 x40 £ wA
LOGICINPUTT S
Imput Lurrent r100 x 100 =100 ad
loge 10 ., 2.0 20 v
Todie 97 0.8 03 [ 2] v
LONVERSION TIME
v Taan T, 10 20 0 10 0 0 R 20 30 us
- POXERSUPPLY
N +4.5 -5 +70 a5 -0 +70 48 L] =70 |V
. - -4 i - 185 viLs s -85 T BT -85 v
. OPERATINGOURRENT
- V. s 4] !5 2 15 5 mA
v 9 15 v 15 ki 15 Y
PACKAGE®
¢ erami. DIP 1204 N20A [ANEY
Pasac INP N20A NIUA
NUOFFS
Detarive witraey 18 detined a3 the leviation it The Lode tranution fennty from *he wdeal franster poant on 8
“raignt ane 1rm the rero to the uif waie of ‘he fevice
Ll <aie _abbfanon v guarinteed ‘rimmabie to ‘ero with an external ‘M) porentiomerer i suace ol the 144}
“xed revuns
P caie s delined as 19 iy oanus 41 SBL 0 9 A0 iy
ned 43 MW mceiuson e sRich o Tusnng vodes will rwour
Cange teem - SC sabie ttem - 0O T e Ty, e
The :ar3 output aney have wuve ruilopy o wune D ‘mA. The DATA READY ..ne 11 open cotleutor wirth
& nomunal sl nternai puil-up revstor
Thee Neution 9 ar package cucine \nlormation
YOOI BUGAS Auten! 't . nange wirthonut fafice
‘PeLicatens shuwn 0 haudfae are teated un alf production umts st tinad
crevttical ‘est Rasults from ‘hose ‘sais are uwed to akulate OutgoIng quality
evels Ml un and rax specirications are guarsnteed, aithough niy those
whown :a roidfsce are ‘ested on sl production units.
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4D573 4/D Converter Data .nheet (continued)

FUNCTIONAL DESCRIPTION

A block diagram b the ADST 31 shown in Figure 1. The positive
CONVERT pulse mast be at least S00ns wide. DR goes high
within | Sus atter the leading edge ot the convert pulse tndivaung
that the :nternal logic has been reser. The negauve cdge of the
CONVERT puise inutiates the conversion. [he internal 10-bit
cuerent cutput DAC 18 sequenced by the integrated injection
e 1L successive approxamation register  SAR) from s
st signstivant bit to least sigruticant bit to provide an output
current which accurately balances the input signal current through
ine 3kil resistor. The comparator determines whether the addition
1 cach succeswvelv werghted bt current causes the DAC (urrent
sum to be greater or less than the input current, :f the sum s
moure. ihe s turned ot After tesung all bus, the SAR contans
3 L-hit bipary code which accuratelv represents the input signal
wowithin LSB 00920 of tull saale.

The AR drives DR low (0 indicate that the conversion ts wompiete
ind tnat the 2ata :s avaiiabie 1o the vutput ~utiers. HBE und
LBE .an then ¢ acuvated 1o cnavle the upper 8-bir and lower

2 it sutters us dewred. HBE and [3E <hould be drought high
sror o the next wenversion to pldce the vutput butfers a the
.0 mpeudace state
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. gure 1 ADS?3 Functioral Block (J.agram
Ve camperature compensated buried Zoner reference provides
"he primary ventage reterence o the DAL Lad ensures oxcellent
taothity with ~oth rime and temperature. The Mipolar otfset
Apat ooarols gowich which alews the posaitive mipolar otfset
sarrent eety squad to the vaiue of che MSB iess CLLSB o be
Gedtediiniy TMe wammung - oode of the Cmparater to olfset
e DAC wtpar Thus tie nomiaw )t~ 19V umipolar mput
e Pecomes 4 (Voo 23V e The TR tin n!moanput

Sarsier sormmmed o that warth bl saade cnpat senal. an
Apul arrent sl be geacrated Atuch eractly matches the DAC
PRI LAY 5 VY BT HONNT o)

UNIPOLAR CONNECTION
Fhe YDST 0 ianrains il the acive Lomponents cequired to
pertorma comewete A D cnveroon Thus, tor many gpplications.,

HETRAU L el ey oy conneclion b the porvee suppues - Y

g I Y =% the inaod anput and the consert Pulse
Howewer chere are ome features ind pevial connections windh
Rould te o onadered for achieviag cptunum pertermanee | he

anctietal nseut s chown o Fegure 2

VOL. 1. '0-50 ANALOG-TO-DIGITAL CONVERTERS

The standard anipolar U to + 10V range is wbtained by shorung
the bipolar vtfset control pia pin [6) 10 digital common
pwn 17},

Lsa ose (7] o::::‘“ 70] ~GH BVTE ENABLE
e[ [ T3] COW SVYY ERARE
ona (5] 75 savemu
oss (1] [7] owarmas cosmon
oes (L] 0873 D LPOLAR OPFRET
nud 18] ANALOG COMMON
WE 4] ANALOG N
"’E ] v-

o-m Ecmvm

wss ou 7] e

Figure 2. AD573 Pin Connections

Full Scale Calibratnon

The ki) thin Tilm input resistor s laser tnmmed 1o produce a
current which matches the full scale current of the :nternal
DAC-pius about . 3%—when an analog input voltage of 9.990
volts 10 voits - ILSB)Y is applicd at the inp 21. The input resisror
13 tnmmed 1n thus way so that if 2 fine tnmming potentiometer
15 thserted 1n senes with the input signal, the input current at
the full scale input voitage can be trimmed down to match the
DAC tull scale current as precisely as desired. However, for
many applications the normunal 9 99 volt full scale can be achieved
10 sutficient aceuracy by simply inserting a 1502 resistor in series
with the analog input to pin 14 Typrcal full scale calibrauon
error will then be withun = JLSB or =0.2%. If more precise
calibration 1s Jdesired, & S5() ummmer should be used :nstead.
Set the anaiog input 4t 9 990 volts, ind set the tnmmer so that
rhe wutput code 1s just at the transit;on between 11111111 10
and UL 11 Each L$B will then have a weight of 9 "66mV.
[t 4 nomunal fwil scale of 10.24 volts 1s desired  which makes the
L3B have a weight of exactly 10.00mV>, 1 10041 resistor and a
1004} rrimmer or a 200} tnmmer with good resoluuon; ~houid
be used. Of course, larger full scale ranges can be arranged by
using 4 larger input reststor, but ineanty and tull scale temperature
coctticient may be compromused if the external resistor becomes
3 vzeable percentage of $k{l. Figure 3 illustrates the connecuons
required for fuil scale calibration.

SHORT 1 DIG ~OM KOA

AP OFFCIPOLAR UPEN F(A BIPOLARS

com T MERATES 130my 10
ANALOG COM . iTag 2Cmmon

A ANALOG N
— i =
30 INED LA 0N
CARIABLE LEE TEMT

Figure 3 Standard ADS73 Connectons

Unipolar Otfset Calibravon

~ee the Dnipotar Ottset o foss thun = TLSB tor ail versions of
the ADSTI most apphcations il aot reguire tnmoing. Figare
illustrates two tnimmanyg methods which can be used 1t greater
ICCURILY 1y NECENsary
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aD573 4/D converter

KAl 1> ol of

Pata sheet (continued)

Applying the ADS73

Figure 4a shows how the converter zero may be offset by up 10
= 3 bits to correct the device iniual offset and’or input signal
offsets. As shown, the circuit gives approximately symmetrical
adjustment in unipolar mode.

marw—im
rl_.

ISV

ZERO OFFSET ADJ
=3 BIT RANGE

i

-8y

Figure 4b.

Frgure 4a.
Figure $ shows the nominal transfer curve near zero for an
ADS73 tn unipolar mode. The code transitions are at the edges
of the nominal bit weights. In some applications it will be preferable
to otfset the code transitions so that they fall between the nominal
bit weaghts, as shown 1n the offset characteristics.
-

|
]

oumyr |

coot
000SBET 89
00000800 11

-muT

coneeens o1 +

v romy 30V
INPUT vOLTAGE

NOMINAL CHANAC TERIST ICS
MESERAED YO AMALOG COMMON

S0wn v

-

S0y
Py VOLTAGE

OFASE ™ CHARACTEMSY LS WiTw
TV SERIES Wi TH ANSLOG COMMON
Figure 5 AD573 Transfer Curve ~ Unipolar Operation
14pproximate Bit Weights Shown for tllustration, Nominal
8it Wewghts  9.766my)

Thr oitser can easily be accomplhishea as shown in Figure db
At badance atier a converuon approximaiely 2mA flows into
e Anaioy Commorn terminad 8 2 T resistor 10 series with

fastermina, will result w approximaters the desired L bt
t\ et the transier Jharsctenistes The nominai 2mA Analop
Common current as ol chose pontroned in manufasture It
Mt aveufacy s regquired. a S8 potenuometer connedted as o
rhrosial be tused @ R Additonal negatise ottset raney
My b obtained by using darger values of RO course, i the
7ere iransition point s chaneed. the tub scale transinion poin’
Thus. 1t an ottset of  LSB 1 introduced. tul!
waic tnmeang s des.fibed on the previous page should be
done with an analog input of 9 985 volts

NOTE Dunng w conversion transient currents from the Analog
Common terminal wili dicurt the oftset voltage Capacitive

Stooupang shouid nin be Useo around the oftset petwork. These
‘Tansients wil settle appropriately cunng a converson. Capacitive

ot
i

Lals

WL alNo Mo

Aet1

RS AT
v -‘.:n' ﬂ()f.

. STe T
). A (" o

-J‘

decouphing will *pump up’' and fail to setde resulung in conversion
errors. Power supply decoupling, which returns to analog signal
common, should go to the signal input side of the resisuve
offset network.

BIPOLAR CONNECTION

To obtain the bipolar —5V 1o + SV range with an offser binary
output code. the bipolar offset control pin is left open.

A —5.000 volt signal will give a 10-bit code of 00000000 00; an
input of 0.000 volts results in an output code of 10000000 00
and +4.99 volts at the input vields the 11111111 11 code. The
nominal transfer curve is shown wn Figure 6.

ouTmT

10us000¢ 10 )

10900008 01 |

oottt} - - oo oo
e b
[ISERLRRANT ) L

,
;

r 1
Lo : J

.

.

1J

NPUT VOLTAGE - mv
Figure 6. AD573 Transfer Curve — Bipolar Operation

Note that in the bipolar mode, the code transitions are offset
+»:1LSB such that an input voltage of 0 volts = SmV yieids the
code represenung zero (10000000 00). Each output code 15 then
centered on its nominal input voltage.

Full Scale Calibration

Full Scale Caiibration 1s accomplished in the same manner as in
Unipolar operation except the full scale input voltage s *4 98%
voits

Negative Full Scale Calibration

The circuit in Figure 4a can also be used in Bipolar operaton to
offset the mnput voltage «nomunaily — S\ which results in the
00000000 00 code. R2 shouid be ommcd to obtain a symmetncal
range.

The bipolar oftset control input 1s not darectly TTL compatible
but a TTL interface for fogic control can be constricted as
shown 1n Figure 7.
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ere™ e — - L—ll
,_:?*/ 718 $— Acow  apsTI

AvE T w4 s
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Fraure 7 Biotar Oftset Controiied by Log« Cate

Gate Qutput - Y Umipotar 0 - 10V Input Range

Gate Quiput - 0 Bipotar = &V Input Ranae
SAMPLE-HOLD AMPLIFIER CONNECTION TO THE
ADST3
Manv situations 10 high-speed acquisiuon svstems or digiazing
rapidin changing signals require 8 sampie-hold amphfier 1SHA
in fromt of the A-D converter. The SHA can scgunre and hold a
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[ ADS7% A/D Converter Data Sheet (continued)
s
wignal taster than the coaverter Jan perform a conversion. A ruise at least SOUns wide. The rising edge of this pulse resets
SHA can 1iso be used 10 accuratety define the exact point in the wnternal logic, ciears the result of the previous conversion,
ume at which the signal 19 sampled. For the ADS73, 4 SHA can and sets DR high. The talling edyge of CONVERT_hcgms the
also serve as 4 hugh input impedance butfer. conversion cycle. When coaversion is completed DR retumns
. ' - e
Figure 8 shows the ADS7? cuonnected to the ADSR2 monolithic oW, D“;m}!_(;{;EUHVCL%%l svdcl. HIjE and LPE should bl;
SHA for hugh speed signal acquisition. In this contiguration, the held high. lb p mm be 8ocs ‘:iw :nng a go:;ersx‘on, e
ADS82 will acquire 4 10 volt signal in less than 10us with a data ou(ptl.\zbeut ers wi cnabied an m(ermcnte uonvefmon
droop rate less than 100wV ‘ms. results WI»l present on( the data output pins. 1 1S May cause
bus conflicts if other devices in a system are trying to use the
-sv bus.
CONVeRT muse CONVERT v+ Ve ¥ ; «
SATA AEADY CONVERT ﬁ/;‘..\‘ § oy
. ' I
8t p——=_ r—tnec —e-ip <{ ¥ —-—
5:00;.' o¥ > R T. Vg !
ADsTY B s
Orom Figure 9. Convert Timing
Reading the Data .
0 The three-state data output buffers are enabled by HBE and
OATAL aits LBE. Access ume of these butfers is typically {50ns (250
maximum). The Data outputs remain valid unul S0ns after the
cnable signal returns high, and are completely wnto the high-im-
Ao pedance state {00ns laier.
v-
(BE on el \
PAA \ r
w7 s voLt T . !
com HGH T, - - IGH
. OB3-O87  MPEDANCE - DATA MPEOANCE
Figure 8. Sample-Hold Interface to the ADS73 o { }.__
o8s-089 Vo 1AL i
—— ey, —a
DR goes high after the conversion is initiated to indicate that £ 10, Read Timi
reset of the SAR s complete. In Figure 8 it is also used to put gure 10. Read luming
e the AD382 into the hold mode whale th ADS73 bei_nns i1s TIMING SPECIFICATIONS (All grades, Ta = Toia ~ Teous)
Xy “ conversion cvele. The ADS582 settles to final value well in advance Paramete Symbol Mi T v Cai
w ’ f the first compdaracor decrsion mside the ADSTI. ) e v P vax nts
=z NVER Wi - N - - :
DR goes low when'the conversion 1s complete piacing the ADS82 CONVE T PquF .m,(h s 00 s
. : ” DR Delay from CONVERT 1 - 1 1.5 us
back in the sample mode. Configured as shown in Figure 8, the Conversion Time - 10 0 20
next coaversion <an be wtated after a 10us delay to allow for crsion 1 - " . us
signal acquisition by the ADS82. Data Access Time 3 0) [\} 130 180 ns
- ata Vv
Observe carefully the greund, suppiy. and bypass capacitor Dd:i hahd after HBE LBE ) 5
Jonnecaons between the two devices. This will mimmize ground s “HD ) N . i
OQutput Float Delay Tt - 100 100 ns
noise and :nterference dunng the conversion cycle.
GROUNDING CONSIDERATIONS . MICROPROCESSOR INTERFACE CONSIDERATIONS -
The ADS73 provides separate Anaiog and Digital Common GENERAL
:')r:nc‘cmznsi Af‘nc arcwt will operate properly with "»mu"‘h 38 When an inalog-to-digital converter i:ke the ADST3 is interfaced
z =00mV¥ or common mOdC.“ﬂ”‘fe between ‘f“c t¥o commons. to a mucroprocessor, several details ot the :ntertace must he
Ttus permits more flexible vontroi of system common bussicg considered. First, a signal to start the converter must “e generated.
and digital and aralog returns. then an appropriate delay period must be ailowed to pass before
{n normal uperation. the Analog Common terminal may generate valid conversion data may be read. [n most applications, ‘he
tfransient currents of up ‘0 2mA Junng a conversion. [n addition ADS73 can interface to a microprocessor svstem with itde or a0
a static current of 1bout 2mA will flow into Anajog Common in external logic.
l!‘e unxp«)lfr mode .J(ter 3 wnnversion is ”‘)mPlC(L“ The Analog The most popular control signal contiguraton consists of decoding
(“ummun current wiil be moduldted by he varatons in input ‘he iddress assizned o the ADST1, then ganng -his gnal with
sgnal. the system’s "¥'R signal to generate the CONVERT ruie. ind
The absofute muximum -vltage ranng hetween the ~x0 commons zaung 10 with RD ro enable the output butiees. The e ot 2
15 =] volt., fois recommended that a paradiel paie ot Sack-ro-hack nemory address and memorv ‘YR and RD agnais denetes
rrotecton Jiodes be connected berween the commens if “hev ‘memorv-mapped’” 1O intertacing, white “he use ot 1 separate
are not connected locally. 1O address space denotes “solated [ O ntertacing. In 3-bie
hus switems. the H)-hit ADST anll accupy vn incations when
CONTROL AND TIMING OF THE ADS73 data 15 10 be read, 'neretare, two hually Conecutive addresses
The peration of the AD373 15 controlled by theee inputs: CON. must he decaded. One ot the addresses can aiso he used as
YERT, HBE and LBE. the address which produces the CONVERT sugnai duning WR
Starting a Conversion cperations
The conversion «cle 1s 1iniated hy a posiuve-going CONVERT Fogure 11 hows 4 zencraiized diagram ot he .onteol ogic b
= VOL. 1 10-52 ANALOG-TO-DIGITAL CONVERTERS
Aan?
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ADS7% A/D Converter Data Sheet (continued)

Interfacing to the ADS73

an ADST3 intertaced 1o an B-bit data bus. where two addresses
CADC ADDK and ADC ADDR + 1 have been decoded. ADC
ADDR starts the converter when written to .the actual data
being written to the converter does not matter: and contains the
high byte data duning read operauons. ADC ADDR + 1 pertorms
no tunction during Write operations, but contans the low byie
Jdata during read operatons

—_— =

. aDET3 |

! b8’ % ons '

—— o8

| i €8T DATA BUS 1 N .
! | H

' oBe p—— - ’ DB :
: ) L— oer |

! l osc

| )

[ 4 — |
| we T D—‘ CONVERT
i \{——— i0C ADDR
apoaess P

( |
Anedo < | APOR | pecoDm ! | ;
L LOGIC D—‘—ﬂ ‘ | !

. wcaccF | T Sdam

! (SEE TEXT: e |

Figure 11. General AD573 interface to 8-8Bit

Microprocessor
In svstems where this read-write interface is used. at least 30
microseconds the maxamum conversion time: must be allowed
to pass between starung a conversion and reading the results.
This delav or “timeout” peniod can be implemented in a short
software routine such as a countdown loop, enough dummy
tnstrucuoens to consume 30 mucroseconds. or enough actual
useful mnstructions 10 consume the required ume. In ughtiv-umed
svstems. the DR une mav be read through an externaj three-state
buffer 1o determine preciseiv when a conversion is complete.
Higher-speed svstems mav choose 1o use DR o signal an interrupt
to the processor at the end of a conversion.

ADC ADDR

o T

= .|
—— | —

comvER?t

i

v
o = f—
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gl U

o et o e
parasus . s T .'}D‘/ H R )
- - i .

o8 . De ¢
vau VAL

Frgure 1. Typicai ADE?3 Interface Tirmng Diagram

CONVERT Puise Generauon

The ADS73 1< tested with a CONVERT putse width of 500ns
and will tvpically operate wath a pulsc as short s 300ns. However.
some mucroprocessors produce active WR pulses which arce
shorter than this. Erther of the urcuits shown in Figure 13 can
Be used to generate an adequate CONVERT pulse for the ADST3.

I both circuits, the short low-going W'R pulse sets the CONVERT
hne high through a flip-flop. The nsing edge of DX which
significs that the internal logic has becn reset” resets the fhip-fiop
and brings CONVERT low, which starts the conversion

Note that tyy 15 shghtly longer when the result of the previous
conversion contains a fogic { on the LSB. This means that the
actual CONVERT pulse generated by the aircusts in Figure |3
will vary shightly in wadth.

i _
" CONVERT wh —— ADS73
| —i
ADS73 | —{0 Q convent |
N = '
! - ; |
! ¢ |
i i jo |
oR L 3 .

Figure 13a. Using 74LS00  Figure 13b Using 12741574

Output Data Format

The ADS573 output data is presented in a left-jusufiea format.
The 8 MSBs (DB9-DB2. pins 10 through 3; are enabled by
HBE /pin 20: and the 2 LSBs .DB1, DBO - pins 2 and 1’ are
enabled by LBE pin 19). This allows sumpie interface 1o 8-bn
svstem buses by overlapping the 2 MSBs and the 2 LSBs. The
organization of the data is shown in Figure 14,

When the least significant buts are read . LBE brought low .. the
six remaining bits of the bvte wii! contain meamngiess data
These unwanted bits can be masked by logically ANDing the
byie with 11000000 (CO hex). which forces the 6 lower bits to
logic 0 while preserving the rwo most significant bits of the
bvte.

Note that 1t 1s not pasuble to reconfigure the ADST3 for nght
tustified data.

HBE | DB9 | DB8 | DB7 | DB6 | DBS | DB4 | DB3 | DB2

BE|pBrjoBO| X | X | x| x| x | x

Figure 14 AD573 Cutput Data Format

In system< where all 10 bits are desired at the same ume, HBE
and LBE mav be ued together. This 1s userui in interfacing to
16-bit bus svstems. The resulting 10-b1t word can then be placed
at the high end of the 16-bit bus tor lett justification or at the
low end for nght ustificauon.

Tt s also possible 16 use the ADST3n 4 “stend-alone”™ moac.
where the outpul Jdata bufters are automaticaiv engbied @' the
end of a conversion wveie. In this mode. the DR outpar 11 wiree
to the HBE and LBE wnputs. The outputs thas are forved inte
the high-impedance state duning the conversion penod., and
valid data becomes available approximarely Stuns after the DR
signal goes low a1 the end of the conversior The Suens delay
aliow . prapagation of the least sigmificant bat through the internal
logic

This mude 1s particularly usetu! tor bench-testing of the ADST3,
and n applications where dedicated 1O ports of peripheral
intertace adapter chips are avaulabic
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ADS573% A/D Converter Deta Sneet (continued)

: A0873

TONVERY -
12Y RT
htsg X2 1omve

!
i i
r.(@ of eu!?——'
?m
88
E\y 13

Figure 15. AD573in 'S!and-A/g-rle "Mode
1Output Data Vaha 500ns After OR Goes Low)

Apple 1 Microcomputer Interface

The ADST3 can provide a flexible, low-cost anulog interface tor
he popular Apple [T microcomputer., The Appie 1, based on
IMHe 6302 microprocessor, meets all nming requirements for
the ADST3 Onlv a tew TTL ates are required to decode the
stznals avatlaple on the Apple (I's peripheral connector. The
recommended connections dre shown i Figure 16.

! 07142}—

os (1 t ;) oes
08 (4ar— T —\'< oa?
04 45— —t }r< 086
!
03(s8r 1 g 083
{s

APPLEM
ERIPHERAL A0573
CONNECTON
i
|
IMA L \
!
1
| 4 : |
RS L) -
3 %)
: 3
' ND‘.:/ - JDCDM
' |
-y .
! ' A 1elasa2 @ Acom !
31874504 —_—

Faure 16. A0S73 Interface to Appfle it

The BASIC rouune histed here will operate the AD3IT3 circunt
shown in Figure 16, The conversion is starred by POKEing 10
he lacation which contans ~he ADST3. The retauveiv ~luw
execution speed ot BASIC ¢iiminates the need tor 4 delav routine
Jetween »iarting and reading the converter. This munne ssumes
that the AD3I™3 s connedted for 3 = 5 voit jnput tunge Vanable
[ represents the integer calue irom 9 o 1023 read irom the
ADSTY Vanuble Vorepresents the actual vaite ot the miput
GRndl 1N voits

130 PRINT WHICH SLOT (5 THE A DN
PHO A = 39260 - 167

120 POKE A

1 L-vEEK A H-PEEK A+

13y 1 - doH, 2 INT L ohe

5V - L0242 10-5

150 PRINT “THE INPUT SIGNAL IS " V.oovoLTrs:s

INPUT 5

TUss 4dvo posstble (0 wnite g tasterexecuting assembly-laneage

routine o control the ADSTY sadh o routine aal teygiare o

VOL 1. 10-54 ANALOG-TO-DIGITAL CONVERTERS

A-14

Jeldv between starung and reading the Zonverter. s can be
casuy implemented by calhing the Appie’s WALL subroutne
which restdes at lanon SFCAS atter ivading the sceumuldtor
with a number gredter than of eyudi o (wo.

5085-Series Microprocessor Interface

The ADS73 can also be used with 3085-series muicroprocessors.
These processors use separate vontrol signals for RD and WR,
as opposed to the single R W control signal used 1n the /300 4500
SEFIUS Processors.

There are two constraints related to vperaton of the ADST3
with 3085-series processors. The first problem s the width ot
the CONVERT puise. The circuit shown 1a Figure |7 cssenvaily
the same as that shown in Figure 13 will produce a wide enough
CONVERT pulse when the 3085 15 runming at SMHz. For 039
svstems runming at »lower clock rates + 3MHz:, the thp-tlop-based
<ircuit can be eliminuted since the WR pulse wili be approximatelv
J0ns wide.

The other consideration 1s the access ume of the AD373's three-
state vutput Jata buifers, which 1s 250ns maxumum. [t mav be
necessary (o tasert wait states durng RD operauons from the
ADS73. This will not be a problem 1n svstems using memories
with compdradle access umes, sice wail states will have aiready
been provided n the basic system design.

08SA nar

+—iney a0s73 |
088 |
' i

| ‘
A =
| |
| i
i
]
‘\

ars

r-‘_‘/ I.' CTNVERT
' 1000 J6FF | |
1
‘ 1

A00A | apom :
@158 | JECOOE |
A p— !

; ‘ ——t BE !
i
|
EERWIRITEY ]
Figure 17 AL573-3085A interface Connections
The following assembiy-language subroutine can be used o
control an AD373 residing at memory locations 30Uy and 3001y

The 10 buts of data are returned lett-justitied 1n the DE cegister
pair

ADC.  LXI H.300 .LOADHL WITH ADST3 ADDRESS
MOV M.A STARTCONVERSION
MVI B.06 L LOADDELAY PERIOD

LOOP. DCR 8  DELAY LOOP
INZ Loop
MOVAM  READLOWBYTE
ANT ) OMASK LOWLER » BITS
MOV EL A STORECLEANLOWBYTEINE
INR L. LOADHIGHBYTE ADDRLSS
MOV DM AOVEHIGHBY TR TOD
RET ENIT
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ANALOG
DEVICES

AD544 Operational Amplifier Data Sheet

High Speed
Implanted FET-Input Op Amp

AD544

FEATURES

Low Bias Current: 25pA max, warmed-up

Low Offset Voltage: 5004V max

Low Offset Voltage Drift: 5uV/ C max

Low Input Voltage Noise: 2uV p-p

Low Quiescent Current: 2.5mA max

High Slew Rate: 13V/us

Fast Settling to +0.01%: 3us

Low Total Harmonic Distortion: 0.0015% at TkHz

PRODUCT DESCRIPTION

The AD544 is a high speed monolithic FET-inpur operational
amplifier fabricated with the most advanced bipolar, JFET and
laser trimming technologies. The AD544 offers bias currents
significantly lower than currently available monolithic FET-
input devices: 25pA max, warmed-up for the AD544K and L,
SOpA max for the AD5344). In addition. the offset voltage is
laser timmed 1o less than 0.5mV on the AD5441 and }.0mV
on the AD544K utihizing Analog's laser-wafer-trimming (LWT)
process. When combined with the AD3544's low offset voltage
drift (5uV “C max for *'L", 10uV/”°C max for “K""). these
features offer the user 1C performance truly supenor to exist-
ing FET-input op amps~and at low, monolithic pricing.

The kev technology required for monolithic JFET-input op
amps s the jonamplanted JFET. lon-implantation (as opposed
to diffusion) permits the fabrication of precision, matched
JFET's on a monolithic bipolar chip. Analog Devices optumizes
the process to produce bias currents lower than other popular
FLTanput op amps and specifies each device for the maximum
value at either input in the fully warmed-up condition. Addi-
tional benefits of this opumizauon include low voltage noise
"2u\ p-p, 0.1-10Hz). and low quiescent current.

Tht ADS44 15 recommended for any operational amphfier
application requining excellent ac and dc performance at low
¢ost The 2MHz bandwidth and low offset of the AD544 make
1 ar excellent choice as an output amphifier for current out-
PUt D/A Converters such as the AD7541, 12-Bit CMOS DAC.
High common mude rejection (BOdB. min on the “K "

and "L" versions) and open-loop gain ensures better than
“12:b1 hineany 1n high impedance buffer applications.

Th: ADS544 15 available in four versions. the “]", K" and
L arc specified over the 0 10 +70°C temperature range and
the “S” over the -55°C 1o + 125°C operaung temperarure

range. All devices are Packaged in the hermernically-sealed.
T0O-99 meal can.

AD544 FUNCTIONAL BLOCK DIAGRAM
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PRODUCT HIGHLIGHTS

1. Improved bipolar and JFET processing on the ADS44
results 1n the lowest bias current availabie in a high speed
monohthic FET op amp.

2. Analog Devices, unlike some manufacturers, specifies each
device for the maximum bias current at either input in the
warmed-up condinon. thus assuning the user that the
ADS44 will meet 1ts published specifications in actual use.

3. Laser-wafer-tnmming reduces oftsct voltage to as low as
0.5mV max (AD544L), thus eliminating the need for ex-
ternai nulling in many situations

4. If offsct nulling 1s required. the additionai offset voltage
dnftinduced will be minimal. (In some devices. offset
voltage drift can increase an additional Su\'/c(.' perm\’
ot offset nulled.)

5. Low voltage noise (2uV. p-pt. and low ortset voltage dnft
(5uV/°C) enhance the ADS24's performance as a precision
op amp.

6. The high slew rate (13.0W/us) and tast settiing ime to
0.01% (3.0us) make the ADS544 ideal for D/A. A/D, sample-
hold circuits and high speed integrazors.

. Low harmonic distortion (0.0015%) makes the AD544 an
ideal choice for audio applications.

OPERATIONAL AMPLIFIERS VOL. I. 479
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R AD544 Operational Amplifier Data Sheet (continued)
- » &
R
SPECIFICATIONS ¢ 2% wov= <1900
Mode! ADS44) ADMAK ADS4L ADS4S
Mua T Max M Typ Maz Mun Typ Maa M Typ Msas Onsts
OPEN LOOP GAIN'
Yo« 2 1OV R, > 2k} 30.000 50,000 50.000 50.000 v
Tam 10 Tous. Ry = 20 20,00y 40,000 40,000 20,000 vV
OUTPUT CHARACTERISTICS
Voltage it Ry & 2kil, T (0 Toas zie =12 z10 =12 2 =12 z)0 =12 A
Voltage ut Rt = 10K, T t0 T opas =12 ESE) =12 13 z 2 =3 =12 = v
Shon Carcunt Current b2 b3 23 2% mA
FREQUENCY RESPONSE
Uity Gaw Small Signal 20 20 20 -y MHs
Fuil-Power Reaponse 200 200 200 200 kH:z
Slew Rate, Unaty Gun 20 130 50 3o 8.0 130 %0 i30 Vius
Seiung Tune 10 0.01% 30 30 o 30 s
Tows Harmoak Dutoruon 0 002% 0.002% 0002% 0.0025 “
INPUT OFFSET VOLTAGE’
luta Offset 20 19 [ X] 1e m\
laput Offeet Voltage vs. Temp.
OF Ty 10 T ona » 1 H 15 wVrC
Input Offset Volage v Supply.
Ton 16 Tonan 20 109 100 190 wvn
INPUT BIASCURRENT'
Eather input 0 So 10 28 10 28 0 2 pA
Offset Current s 2 2 2 pA
INPUT IMPEDANCE
Difiereaual® 10'%%6 10'%46 10'40 10°4% MIlpF
Common Mode 10'73 1032 10313 1043 MibpF
INPUT VOLTAGE RANGE
Dufferenuai =20 =20 =20 =20 v
Common Mode 310 %12 =10 12 =10 =1 210 z12 v
Cammon Mode Resecuon 74 » [ L] dB
INPUT NOISE
Voitage 0. 1Hz 10 10Hz 3 2 2 2 uVpp
fw [OH2 35 18 3 38 oV H2
o {=100Hz 2 u n 2 vz
( - f= kM2 1 ] i it} ovivHz
. fa lUkHz 18 1] 16 16 aV/\'Hz
POWER SUPPLY
Rated Performance ESE] 1S =13 B v
Upersung =4 ERt =3 =18 =3 =18 =5 =18 v
Quiescent Curvent 13 23 H ] 2.8 1.8 2.8 1R 28 mA
TEMPERATURE RANGE
Operstng, Raed Performance 0 .10 1] - 70 @ .7 ~ 48 - 128 <
Storage -85 + 130 - 63 - 150 - 65 - 150 Y - 130 b
PACKAGE'
T0O-99 Stvie (HOSB) ADS44TH ADSSSKH ADSedLH ADS44sH
NOTES
pwnuwc-m-—nﬁ-a-unvmmuummm See Section 19 toe package cuthne information
“laput Offser Voltage specificabons are guaraatesd aftey § aunutes Specifications subwct to changs withou! Botice
ol operavon at T, = < 28°C
'Bias Current we . at exther Specificatons showa 1n boldfece are tested on all producnon wts at fuasl
input after $ minutes of operaos w T, « «23°C For eiectncal tee Revuiny tram thowe tests are usd 1o calculate outgoiag quality .
hagher temperstures. the current doubles every 10°C levels All min and max specifications e guarsatoed. although ooty fhiocer
*Defined as voltage DETwemn wputs. such that nerther encesds + (0V shows m boldisce are tested on all production uait
trom ground
Drlld

T YOL. | 4-80 OPERATIONAL AMPLIFIERS
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T APPENDIX B

[ Digital Interface Schematic Diagrams .......e0c0000000s B=2

P Circuit Card I: Digital Interface Parts List ......... B=7

Digital Interface Device Layout .......cccccececesseess B=10
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Part Number

Circuit Card I:
Parts List

Type

Digital Interface

Schematic Reference #

S A A S S '.T

7440

7404

7432

74173

7428

AD 573

7421

AD 544

LM 747

CD 4066

1445

Dual 4-Input Positive
NAND Buffers

Hex Inverters

Quadruple 2-Input
Positve-OR Gates

4-Bit D-Type Register
With 3-State Outputs

Quadruple 2-Input
Positive-NOR Gates

10-Bit Analog to
Digital Converter

Dual 4-Input Positive
AND Gates

Precision Operational
Amplifier

Dual Operational
Anplifiers

Quad Bilateral Switch

Dual Monostable
Yultivibrator

U1
U7
U10

U2

U3
U12

U4
Us
Ue

Us

U9

U113

Ul4

U1s

* v h! h “
.A..A}.m:“ S \.L.A.ALJ_A_A.A.AJ
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Circuit Card I: Digital Interface
{ . Parts List (Continued)
-
Part Number Type Schematic Reference #
\
- 5082/7340 Single Digit HEX LED U18
Ry Display with Latches U19
D and Driver U20
v 100 Variable Resistor R1
B (Ohms) R2
- 20 Resistor (Ohms) R3
.v

360 Resistor (Ohms) R4

o , 10K Variable Resistor RS
| e (Ohms)
L::;E
50K Resistor (Ohms) R6
e
() 10K Resistor (Ohms) R7
R8
s 20K variable Resistor RO
o (Ohms)

e

: 27K Resistor (Ohms) R10
n 130K Resistor (Ohms) R11
o 1.5K Resistor (Ohms) R12
-

*

B-8

LA
PR A RN
EE S

T
Lo
-
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Circuit Card I: Digital Interface

Parts List (Continued)

Part Number Type

Ty

Schematic Reference #

0.01 Micro Capacitor (Farads)

2220 Micro Capacitor (Farads)

1.0 Capacitor (Farads)

c1
c2
C3
C4
C5
C6
c7
Cc8
C9
c10
C11
c12
c13
C16
c17
c18

C14

C15

'7-:":"’
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APPENDIX C

Syncro tc Digital Schematic Diagram ......ccvoevesessse C=2
Circuit Card G: Syncro to Digital Parts List ......... C=3

Syncro to Digital Device Layout .....ecccvevivcecacsss. C—=4
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Part Number

Circuit Card G:
Parts List

Type

o oaf tad vob vab o,

Syncro to Digital

Schematic Reference #

SDC 1700

74173

74121

1K

15 pico

Syncro to Digital
Converter

4-8it D-Type Register
With 3-State Outputs
Monostable

Multivibrator

Resistor (Ohms)

Capacitor (Farads)

U1

U2
U3
U4
U5

U6

R1
R2
R3

C1
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APPENDIX D

GYRAC Computer Schematic Diagrams .....cecocee000
Circuit Card C: Computer Controller Parts List .
GYRAC Computer Memory Map

® 9 6 & e 0 0 0 0 00 0000 s et e e

GYRAC Computer Device Layout
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Circuit Card C:

Part Number

Type

Computer Controller Parts List

Schematic Reference #

MC6802

74138

2708

MC6840

MC6850

MC6821

1489

1488

7414

HMC7905CT

SK3592

Microprocessor with
Clock and 128 Bytes
RAM (CPU)

3-8 Line Decoders-
Multiplexers

1024 x 8 bit U.V.
Erasable PROM

Programmable Timer
Module (PTM)

Asynchronous
Communications
Interface Adapter
(ACIA)

Peripheral Interface
Adapter (PIA)

Quad Line Receiver

Quad Line Driver

Hex Schmitt-Trigger
Inverters

Negative 5 Volt
Voltage Regulator

Positive 12 Volt
Voltage Regulator

U1

U2

U3

U4

U5

U6

u7

us

U9

U10

U11




Part Number

Circuit Card C: Computer Controller
Parts List (Continued)

Type

Schematic Reference #

MC7912CT

MB8416A

1N914

3579.545 KC

3K

10K

0.01 Micro

100 Micro

LI
ey

.

- T T e
e T -
B

Negative 12 Volt
Voltage Regulator

CMOS 2048 x 8 Byte
Static RAM

Signal Diode

Crystal Oscillator

Resistor (Ohms)

Resistor (Ohms)

Resistor (Ohms)

Resistor (Ohms)

Capacitor (Farads)

Capacitor (Farads)

Capacitor (Farads)
50 WVDC

D-5

U12

U13

D1

X1

R1

R2

R3

R4

C1

C3
C4
C5
Co6
C7
C15
c16
c18
c19
C20

C8
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- Circuit Card C: Computer Controller
Parts List (Continued)
Part Number Type Schematic Reference #
10 Micro Capacitor (Farads) Cc9
50 WvVDC C10
C11
c17
0.001 Micro Capacitor (Farads) c12
C13
Cl4
Qe
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SRS
S RIA GYRAC COMPUTER MEMORY MAP
7
£
g ADDRESS (HEX) DEVICE
; 0000 to 007F 0128 Bytes of on Processor Scratchpad RAM
. 6000 to 67FF 2048 Bytes of RAM
3 (Alternate Addresses 7000-77FF)
" 8000 PIA Data Direction/Peripheral Register A
- (Alternate Address 9000)
.- 8001 PIA Control Register A
. (Alternate Address 9001)
. 8002 PIA Data Direction/Peripheral Register B
. (Alternate Address 9002)
[
. 8003 PIA Control Register B
- (Alternate Address 9003)
N A000 ACIA Control/Status Register
. iﬁk (Alternate Address B000)
’ ’
> A001 ACIA TX Data/RX Data Register
N (Alternate Address B001)
f C000 PTM Write Control Register #3/#1
- (Alternate Address DO0O0O)
4
i C001 PTM Write Control #2/Status
Registers
(Alternate Address D0O1)
g Cc002 PTM MSB Buffer #1 Register/Timer #1
{ Counter
& (Alternate Address D002)
- C003 PTM Timer #1 Latches/LSB Buffer #1
o Register
K (Alternate Address D003)
L]
B C004 PTM MSB Buffer #2 Register/Timer #2
- Counter
(Alternate Address D004)
€005 PTM timer #2 Latches/LSB Buffer %2
P Register
NS (Alternate Address D005)
. ' D-7
¢
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W GYRAC COMPUTER MEMORY MAP (continued)
{
ADDRESS (HEX) DEVICE
v (S
- £0060 PTM MSB Buffer #3 Register/Timer #3
N Counter
" (Alternate Address D006)
-r'
{ Coo7 PTM Timer #3 Latches/LSB Buffer #3
o Register
(Alternate Address D007)

- EOQO0 to E3FF 1024 Bytes of GYRAC Control Program
N in EPROM (Alternate Addresses
® FOOO-F3FF)

E3FE to E3FF Address of Reset Vector
E_ E3FC to E3FD Address of Non-maskable Interrupt
X - . Vector
{ \e

o E3FA to E3FB Address of Software Interrupt
o Vector
= E3F8 to E3F9 Address of Interrupt Vector
@
o
!:
° .-
(-
D-8
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. APPENDIX E

o GYRAC Power Panel .....c.ceeveessesssossosossasonssesess E=2

s
1 .\‘;-

A GON: Syncro to Digital Edge Connector ......evec0ee0ee.. E=3
. C1P: GYRAC Computer Sensor Bus Connector ............. E-4
1

!,

o C1E: GYRAC Computer Edge Connector .......csesse00eees. E=5
ION: Digital Interface Edge Connector .......sece60¢... E-6
H89 to GYRAC RS-232 Cable ....cveveesasoscncnnsenosaoes E=T
N HB89 to NAV T or Drive Computer RS-232 Cable ,.......... E-8
NS GYRAC to NAV L Computer RS-232 Cable ........ev0vvvese. E-O
T Drive Computer to NAV X RS-232 Cable .....c.cv00veevsee E=10

e - GYRAC Wiring Harness ....c..ceceeeseesososnscccensansssnssse E=11

E-1
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GON: Syncro to Digital Edge Connector

Pin Number Signal Name Description
GON1 None GYRO Base Ground
GON2 None GYRO Base 28 Volts 400 Hertz
GON3 None GYRO Indicator S2
GON4 None GYRO Indicator S1
GONS None GYRO Indicator SO
GONG6 ’ Unused
GONS G0S42 Angular Velocity Analog Signal
GON13 G0Ss41 S to D Busy Signal (unused)
GON15 Unused
GON16 Unused
GON17 Unused
GON18 GOROO DO Data Bit
GON19 GORO1 D1 Data Bit
GON20 GORO2 D2 Data Bit
GON21 GORO3 D3 Data Bit
GON22 GORO4 D4 Data Bit
GONA None Digital Ground
GONF None +15 Volts DC
GONH None +15 Volts DC
GONJ None -15 Volts DC
GONK None ~-15 Volts DC
GONL None Analog Ground
GONM None Analog Ground
GONN None +5 Volts DC
GONP None +5 Volts DC
GONT GOROS D5 Data Bit
GONU GORO6 D6 Data Bit
GONV GORO7 D7 Data Bit
GONW GOROS8 D8 Data Bit
GONX GORO9 D9 Data Bit
GONY GOR10 D10 Data Bit

GONZ

D11 Data Bit
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C1p:

Pin Number

GYRAC Computer Sensor Bus Connector

Signal Name

Description

C1P1
C1p2
C1P3
C1P4
C1pP5
C1P6
c1p7
C1P8
C1P9
C1pP10
C1P11
Ci1P12
C1P13
C1P14
C1P15
C1P16
C1P17
C1P18
C1P19
C1P20
C1P21
Cc1p22

c1pP23
C1P24
C1P25
L1P26
C1p27
Cc1pP28
C1P29
C1P30
C1P31
C1pP32
C1P33
C1P34
C1P35
C1P36
C1P37
C1P38
C1P39
C1P40

Ci1B10
None

CciB11
C1B30

C1B31
None
C1BO3
C1BO1
C1B25
Cc1B23
Ci1B21
c1B27
C1B26
C1B20
C1B22
C1B24
None
C1BO0OO
C1B02
None
None
None
None
None

Unused

Unused

Unused

Unused

Unused

Unused

Unused

Unused

Unused

Unused

Unused

Unused

Unused

Unused

Unused

Reserved (unused)

+5 Volts (thru pullup resistor)
Reserved (unused)
Interrupt In (unused)
Unused

Read/Write Out

+5 Volts (thru pullup resistor)

A3
A1
D5
D3
D1
D7
D6
DO
D2
D4

Sensor
Sensor
Sensor
Sensor
Sensor
Sensor
Sensor
Sensor
Sensor
Sensor

Address Bit
Address Bit

Data
Data
Data
Data
Data
Data
Data
Data

+5 Volts (thru

Bus
Bus
Bus
Bus
Bus
Bus
Bus
Bus
pullup resistor)

AO
A2
+5

Sensor Address Bit
Sensor Address Bit
Volts (thru pullup resistor)

Digital Ground
Digital Ground
Digital Ground
Digital Ground
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SRR C1E: GYRAC Computer Edge Connector
{
6 Pin Number Signal Name Description
T
- C1E1 None Digital Ground
' C1E2 C1G01- Tx Data Out (active low)
- C1E3 None Rx Data In (active low)
N C1E4 C1G0O0- Ready to Send
- C1ES None +5 Volts DC Out
~ e C1E6 Unused
L C1E7 Unused
{. C1ES None +5 Volts DC Out
& C1E9 Unused
C1E10 None Power On Reset (active low)
= C1E11 Unused
L CiE12 None +15 Volts DC In
N C1E13 Unused
® C1E14 None -12 Volts DC Out
ARE C1E15 Unused
o C1E16 None +12 Volts DC Out
[ C1E17 Unused
,k- C1E18 None -5 Volts DC Out
S C1E19 Unused
{ Q". C1E20 Unused
- ' C1E21 None -15 Volts DC In
- C1E22 Unused
N C1EA None Digital Ground
- C1EB Unused
N C1EC Unused
" C1ED Unused
- C1EE Unused
o C1EF Unused
S C1EH None Unused
e C1EJ Unused
I C1EK Unused
;‘ C1EL Unused
o C1EM Unused
- C1EN Unused
= C1EP Unused
Al C1ER Unused
S C1ES Unused
' C1ET Unused
! C1EU Unused
oS C1EV Unused
f.- C1EW Unused
S C1EX None +5 Volts (thru pullup resistor)
P.- . C1EY Unused
‘3; C1EZ None +5 Volts DC In
E-5
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s ION: Digital Interface Edge Connector
{ {
- Pin Number Signal Name Description
! IONT1 Unused
. ION2 Unused
oy ION3 Unused
b I0N4 Unused
Mo I0N5 Unused
o I0N6 GOROO S/D DO Data Bit
CRY ION7 GORO1 S/D D1 Data Bit
i I0ONS8 GORO2 S/D D2 Data Bit
S ION9 GORO3 S/D D3 Data Bit
N I0N10 GORO4 S/D D4 Data Bit
s ION11 GORO5 S/D D5 Data Bit
s ION12 GORO6 S/D D6 Data Bit
o ION13 GORO7 S/D D7 Data Bit
° I0N14 GOROS S/D D8 Data Bit
L I0N15 GORO9 S/D D9 Data Bit
ION16 GOR10 S/D D10 Data Bit
ION17 GOR 11 S/D D11 Data Bit
ION18 Reserved
) ION19 Reserved
{ ® ION20 Reserved
AT ION21 Reserved
N ION22 Reserved
o IONA None +5 Volts DC
SN IONB None Digital Ground
IONC None -15 Volts DC
@ IOND None Analog Ground
-« I0NE None +15 Volts DC
Yo IONF C1B0O A0 Address Bit
R IONH C1BO1 A1 Address Bit
PR I10NJ C1B02 A2 Address 3Bit
e I0ONK C1BO3 A3 Address Bit
e IONL Bus DO Data Bit
ARRY] IONM Bus D1 Data Bit
o IONN Bus D2 Data Bit
1SN 10NP Bus D3 Data Bit
A IONR Bus D4 Data Bit
T IONS Bus D5 Data Bit
o IONT Bus D6 Data Bit
. 10NU Bus D7 Data Bit
Oy IONV C1B31 Read/Write Control Line
o IONW G0S42 Angular Velocity Analog Signal
e TIONX None Acceleration Analog Signal
lﬁ{ﬁ IONY None Acceleration Ground
AN IONZ Unused
®
E~6
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H89 to GYRAC RS-232 Cable

89 Connector Signal GYRAC Connector
Pin Number Description Pin Number

2 Tx Data 2
3 Rx Data 3

7 Ground 7
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H89 to Nav T or Drive

H89 Connector
Pin Number

Signal
Description

Computer RS-232 Cable

Nav T/Drive Computer

Connector
Pin Number

Tx Data
Rx Data

Ground

.5
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L GYRAC to Nav L Computer RS-232 Cable

GYRAC Connector Signal Nav L Connector
Pin Number Description Pin Number

2 Tx Data 3

3 Rx Data 2

7 Ground 7
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Drive Computer to

Drive Computer
Connector
Pin Number

Signal
Description

Nav X RS-232 Cable

Nav X Connector
Pin Number

2 Tx Data
3 Rx Data

7 Ground

10
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S APPENDIX F

e GYRAC.A Structure Chart ....cccoeoeecessscsssssoscssosass F=2

>~
o GYRAC.A Program LIStINE ...eeeeeesoeceosnaseanassnseess F=3
P
>

" GYRAC.A Operating Instructions .......ccveescecsecesss. F=21
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GYRAC.A OPERATING INSTRUCTIONS

STEP 1: Power up the H89 computer system. Place the System
disk in Drive A and the gyro program disk in Drive B. Boot
the system (type "B 29") and change the mode of Drive B to
single sided double density (type "mode B:ss,dd"). Change
the working drive to Drive B (type "B:").

STEP 2: Connect the H89 to GYRAC RS-232 cable between the
H89 DCE connector and the MARRS-1 GYRAC Computer connector.
Connect the external power cable to the GYRAC and turn on
the power supplies, Flip the GYRAC power switch to the on
position and press the GYRAC computer reset button. Flip
the gyro control switch to the slaved mode for automatic
tracking or the free mode for manual heading changes.

STEP 3: Load and run the M72 modem program on the H89 by
typing "M72", When this program is running type "T" to
enter the M72 Terminal mode. Set the H89 keyboard caps lock
on.

STEP 4: Commands may now be issued to the GYRAC. They
consist of single character capital letters from A thru O
inclusive. The resulting hexidecimal data, as detailed
below, 1is displayed (if it is printable) on the CRT. NOTE:
Not all data returned is printable, so0 some results may not
be displayed. Repeat STEP 4 as often as desired.

COMHMAND RESULT

A Two bytes of heading data (12 valid bits)
Two bytes of velocity data (10 valid bits)
Two bytes of angular velocity data (10 valid bits)

B One byte of heading data (8 valid bits)
One byte of velocity data (8 valid bits)
One byte of angular velocity data (8 valid bits)

C Two bytes of heading data (12 valid bits)

D One byte of heading data (8 valid bits)

E Two bytes of velocity data (10 valid bits)

F One byte of velocity data (8 valid bits)

G Clear velocity constant (no data returned)
F-21
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GYRAC.A OPERATING INSTRUCTIONS (continued)

COMMAND RESULT

Two bytes of angular velocity data (10 valid bits)

I One byte of angular velocity data (8 valid bits)

Two
Two

bytes of heading data (12 valid bits)
bytes of velocity data (10 valid bits)

One
One

byte of heading data (8 valid bits)

byte of velocity data (8 valid bits)

Soft reset of GYRAC computer (no data returned)
M Boot load a program from the H89 into RAM and then
execute to loaded program. No data is

returned unless the user program sends it.

Control is not automatically returned to

the GYRAC control program, but is at the mercy

of the boot program.

N Returns 93 printable ASCII characters
This tests the communications 1link

One byte of heading data (8 valid bits)
Two bytes of velocity data (10 valid bits)

STEP 6: Shutdown all systems. Type '"control shift "

followed by '"control E" to exit Terminal mode. To exit M72,
type "CPM". Remove both disks from the drives and turn of
the power to the H89 system. Turn off power to the GYRAC
and external power supplies.

NOTE: All references to "control" and "shift'" in the H89
command lines refer to the control and shift keys and not
the words control and shift. It is assumed that the robot
has been "pointed" to the desired initial heading Dbefore
testing commences or that the gyro free mode will be used to
vary the heading.
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qg GTEST.A OPERATING INSTRUCTIONS

STEP 1: Power up the H89 computer system. Place the System
disk in Drive A and the gyro program disk in Drive B, Boot
the system (type "B 29") and change the mode of Drive B to
single sided double density (type "mode B:ss,dd"). Change
the working drive to Drive B (type "B:").

STEP 2: Power up the MARRS-1 Robot. Make sure the
batteries are fully charged and the charger power 1line is
connected and turned on. Press both the system reset key on
the keypad and the Nav computer reset button.

STEP 3: Load and run the M72 modem program on the H89 by
typing "M72". When this program is running type "SPD" to
change the transmission time delays. When prompted for time
delays reply with a "1" for both character and line delay
times. Set the H89 keyboard caps lock on.

STEP 4: Connect the H89 to Robot RS-232 cable between the
H89 DCE connector and the MARRS-1 Nav T connector. Connect
. the GYRAC to Nav Computer RS-232 cable between the GYRAC
(;“ connector and the Nav L connector on MARRS-1. Connect the
~n teaching pendant cable to MARRS-1. Connect the external
power cable to he GYRAC and turn on the power supplies.
Flip the GYRAC power switch to the on position and press
the GYRAC computer reset button. Flip the gyro control

switch to the slaved mode.

STEP 5: Load and transmit the GTEST.HEX file to the robot's
navigation computer. This is done by typing '"L,02FA,03E9"
to 1load the file at Nav computer memory address 02FA (HEX).
Next type "T filename". This will place the CRT in terminal
mode and create an input buffer to store incoming data in
disk file filename. Follow this by typing "control shift "

then '"control T" and "GTEST.HEX" to transmit thg program
file to the Nav computer. Reply with Yes when asked for
time delays. The program data will be displayed as it is
transmitted. If an error is made in STEP 5, the navigation
reset button must be pressed and the entire step done over.

STEP 6: Begin program execution. First type '"control shift
" and then "control Y" to open the input data buffer. Now
type "C" to begin program execution. Next steer the robot
using the teaching pendant (MARRS-1 manual mode, 4) along
the desired course. During program execution the robot will
send optical shaft encoder data, heading data, angular
velocity data, and velocity data at 0.1 second time

G-11
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GTEST.A OPERATING INSTRUCTIONS (continued)

intervals to the H89 computer. This data will be displayed
on the CRT and stored in the input buffer.

STEP T7: When the robot run is completed (i.e. you have
manually stopped it with the MARRS-1 system reset button)
the data stored in the input buffer may be written to disk.
To do this press the Nav Computer reset button on MARRS-1
and/or type ‘'"control C" on the H89. Next type '"control
shift " followed by "control E", Now type "WRT" to save

the data to disk ("del" may also be typed to dump buffered
data). If additional runs are required continue with STEP 5
and press all three ARRS-1 reset buttons.

STEP 8: Shutdown all systems. To exit M72, type "CPM".
Remove both disks from the drives and turn of the power to
the H89 system. Turn off power to the robot, GYRAC, and
external power supplies.

NOTE: All references to "control" and "shift" in the H89
command lines refer to the control and shift keys and not

the words control and shift. Care must be taken to ensure
the various cables to MARRS-1 do not become tangled during
movement., In addition, it is assumed that the robot has

been "pointed" to the desired 1initial heading before
movement commences. The actual direction of travel is human
controlled from the teaching pendant. Also, the GTEST.HEX
program must be loaded each time a run is attempted, since
the program is cleared on navigation computer reset or by a
"control C" in M72 Terminal mode.
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APPENDIX H

NAV.A Structure Charts ....ces.

® 2 ¢ 000600 ¢ 0050080008000 0500 H-2

NAV.A Program Listing .......

® 8 6 06 0 0 88 0600600000000 00000 H-5

MARRS.NAV Program Listing ..

® 86 0 0 02 5 0 50 0008000880000 H-26

NAV.A Operating Instructions ..
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(.w' Address (HEX) Instruction Code (HEX) Comment

% -

R e e

- NONE AA Put MARRS-1 into

‘;?' NONE 01 Instruction Input

;g- NONE 00 Mode at Address 0100

» 0000 cc Start Drive Motor

. 0101 1B Forward at Fast

e 0102 FF Speed (movef)

. 0103 3A

S 0004 03 Turn Steering Motor

NE 0105 DC One Increment to the

] 0106 EC Left (left)

" 0107 01

0108 3A

s 0009 03 Turn Steering Motor
010A DC One Increment to the

‘;71 010B E8 RIGHT (right)

N, 010C 01

N 010D 3A

;?i oS 010E 03 Turn Steering Motor

' (@ 010F ccC to the Center,

o o 0110 E8 straight, Position

{1 0111 49 (center)

o 0112 3A

A

4% 0113 03 Turn Steering Motor

C) 0114 ccC to the Full Right

o 0115 E8 Position (rotr)

- 0116 90 j

g 0117 3A

o 0118 02 Stop all Motor

;” 0119 03 Movement (stop)

oA 0114 3A

S

- 0108 cC Start Drive Motor

(- 010C 13 Forward at Medium

S 010D FF Speed (movem)

. 010E 3A

‘j$4 011F 03 Turn Steering Motor

- 0120 cC to the Full Left

O 0121 EC Position (rotl)

A 0122 00

SN 0123 3A

g < NONE R Reset to Input Mode

AR H-26

i~

o
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NAV.A OPERATING INSTRUCTIONS

STEP 1: Power up the H89 computer system. Place the System
disk in Drive A and the gyro program disk in Drive B. Boot
the system (type "B 29") and change the mode of Drive B to
single sided double density (type '"mode B:ss,dd"). Change
the working drive to Drive B (type "B:").

STEP 2: Connect the H89 to Robot RS-232 cable between the
H89 DCE connector and the MARRS-1 Drive Computer (MENOS)
connector, Power up the HMARRS-1 Robot. Make sure the
batteries are fully charged and the charger power line \is
connected and turned on. Press both the system reset key on
the keypad and the Nav computer reset button.

STEP 3: Load and run the M72 modem program on the H89 by
typing '"M72", When this program is running type "SPD" to
change the transmission time delays. When prompted for time
delays reply with a "1" for both character and 1line delay
times. Set the H89 keyboard caps lock on.

STEP 4: Load and transmit the MARRS.NAV file to the robot's
Drive computer. This is done by typing "T" to enter the M72
Terminal mode. Next type '"control shift " followed by

"control T" and then "MARRS.NAV" to send the program file.
When asked if time delays are desired, answer Yes. The file
will be displayed as it is being transmitted. When it is
finished you will see the data stop and hear the robot say
"READY". Type "control shift " followed by '"control T" to

return to the M72 command mode. This entire step can be
skipped if the program is hand keyed directly into MARRS-1
via the onboard keypad (which is the recommended way since
it avoids moving cables). NOTE: MARRS~1 system resets do
not erase this progran.

STEP 5: Connect the H89 to Robot RS-232 cable between the
89 DCE connector and the MARRS-1 Nav T connector. Connect
the Drive Computer to Nav Computer RS-232 cable between the
Drive Computer connector and the Nav X connector on MARRS-1.
Connect the GYRAC to Nav Computer RS-232 cable between the
GYRAC connector and the Nav L connector on MARRS-1. Connect
the external power cable to the GYRAC and turn on the power
supplies. Flip the GYRAC power switch to the on position
and press the GYRAC computer reset button. Flip the gyro
control switch to the slaved mode.

STEP 6: Load and transmit the NAV.HEX file to the robot's
navigation computer. This is done by typing "L, 1000, 1369"
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NAV.A OPERATING INSTRUCTIONS (continued)

to 1load the file at Nav computer memory address 1000 (HEX).
Next type "T filename". This will place the CRT in terminal
mode and create an input buffer to store incoming data in
disk file filename. Follow this by typing '"control shift "

then "control T" and "NAV.HEX" to transmit the program file

to the Nav computer. Reply with Yes when asked for time
delays. The program data will again be displayed as it is
transmitted. If an error is made in STEP 6, the navigation

reset button must be pressed and the entire step done over.

STEP 7: Begin program execution. First type "control shift
'* and then “control Y" to open the input data buffer. Now
type "G, 1000" to begin program execution. During execution
time the robot will send to the H89 two bytes of heading
data each time it considers a course change. This data will
be displayed on the CRT and stored in the input buffer.

STEP 8: When the robot run is completed (i.e. you have
manually stopped it with the MARRS-1 system reset button)
the data stored in the input buffer may bYe written to disk.
To do this press the Nav Computer reset button on MARRS-1.

Next type '"control shift " followed by 'control E". Now
type "WRT" to save the data to disk ("del” may also be typed
to dump buffered data). If additional runs are required
continue with STEP 6 and press all three reset buttons on
‘YARRS-1.

STEP 9: Shutdown all systenms. To exit M72, type "CPM".

Remove both disks from the drives and turn of the power to
the H89 systemn. Turn off power to the robot, GYRAC, and
external power supplies,

NOTE: All references to "control" and "shift" in the H89
command 1lines refer to the control and shift keys and not
the words control and shift. Care must be taken to ensure
the various cables to MARRS-1 do not become tangled during
movement. In addition, it is assumed that the robot has
been "pointed" to the desired initial heading before
movement commences., The actual direction of travel is set
into the NAV.A program at assembly time. Also, the NAV.HEX
program must be loaded each time a rum is attempted, since
the program is cleared on navigation computer reset.
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CONVERT.BAS PROGRAM LISTING

R M e ke ok ok ke ke o o ok o ok o6k ke ok ok kol ok e s e e o ok o ok o ok ok ke ook ok ok ok ok ook K ok o ok ok ok K ok K
REM*

REM* DATE: 30SEP85

REM* VERSION: 1.0

REM* TITLE: CONVERT

REM* FILENAME: CONVERT.BAS

REM* AUTHOR: CAPT ROLAND J. BLOOM

REM* PROJECT: GYRO AND ACCELEROMETER BASED NAVIGATION

*

*

*

*

*

*

x*
REM* SYSTEM FOR A MOBILE AUTONOMOUS ROBOT *
REM* (THESIS) *
REM* OPERATING SYSTEM: 289/Z90 CP/M V2.242 MAGNOLIA *
REM* MICROSYSTEM 1982 *
REM* LANGUAGE: MBASIC *
REM* USE: This program is used to convert raw hex- *
REM* adecimal data obtained from the NAV computer *
REM* into integer data. The whole data string *
REM* is read and converted to integer format. *
REM* The program interactively asks for the name *
REM* of the hex data file and asks for the name *
REM* of the file where the integer data is to be *
REM* stored. *
REM* *
R M 38 e e ok ok 3k 3 3 e A o e 3 o o oK 3 3k ok ok ok 3K 3 ok ok ok ok o ok ke ok ok o ok 3 ok ko ook Rk ok ok ok Ok Kok ok ok ok K
REM* *
REM* MAIN PROGRAM *
REM* *

B IS 21 3 3k ok ok ok ok ok sk e e sk o e ok ok ok e ofe 3 ok ook i 3k K ok ok ok ko ok ok ok K ok K ok ko ek ok ok ok ok ok ok ok ok ok kK ok ok ok ok ok ok
REM*

10 PRINT "INPUT THE NAME OF THE HEX DATA FILE TO CONVERT"

20 INPUT "INCLUDE THE DISK DRIVE AND ENCLOSE IN QUOTES',READFILES
30 PRINT " "

40 PRINT "INPUT THE NAME OF THE FILE TO STORE THE INTEGER DATA"
50 INPUT "INCLUDE THE DISK DRIVE AND ENCLOSE IN QUOTES",PRINTFILES$
60 OPEN "I",#1,READFILES$

70 OPEN "O",#2,PRINTFILES

REM*

REM* A DATA STRING IS READ AND THEN EACH DATA SEGMENT IS

REM* CONVERTED AND STORED ON DISK

REMx*

80 INPUT#1,DATALINES

90 IF EOF(1) THEN END

100 WORD$ = MID$(DATALINES,3,4)

110 GOSUB 300

120 PRINT#2,VALUE%,",";

130 FOR I% = 11 TO 26 STEP 5

140 WORD$ = MID$(DATALINES$, I%,4)

150 GOSUB 300

160 GOSUB 450
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170 NEXT I%

180 FOR I% = 40 TO 47 STEP 7

190 WORD$ = MID$(DATALINES, I%,4)

200 GOSUB 300

210 GOSUB 450

220 NEXT I%

230 GOTO 80
REM*********************************************************
REM* *
REM* SUBROUTINES  FOLLOW *
REM* *
RIED % o ok % s ok e ok ok ok ok A K ke ok ke e ok ok e ok e ok ok ok K ok 3k ok ok K ok ok o ik ok ok Xk ok ok ok kol ok ek ok K o ok ke k ok Xk
REM*

REM* THIS SUBROUTINE CONVERTS THE HEX VALUE TO INTEGER
REM*

300 VALUE% = O

310 FOR J = 2 TO 4

320 CHAR$ = MID$(WORDS$,J%, 1)

330 DIGIT = VAL(CHARS)

340 IF CHAR$ = "A" THEN DIGIT = 10

350 IF CHAR$ = "B" THEN DIGIT = 11

360 IF CHAR$ = "C" THEN DIGIT = 12

370 IF CHAR$ = "D" THEN DIGIT = 13

380 IF CHAR$ = "E" THEN DIGIT = 14

390 IF CHAR$ = "F" THEN DIGIT = 15

400 VALUE% = VALUE% * 16 + DIGIT

410 NEXT J%

420 RETURN

REM*

REM* THIS SUBROUTINE STORES THE INTEGER VALUES ON DISK

REM*

450 IF I% = 47 GOTO 480

460 PRINT#2,VALUE®,",";

470 GOTO 490

480 PRINT#2, VALUE%

490 RETURN
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CONVERT.BAS PROGRAM LISTING (continued)
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POSITION.BAS PROGRAM LISTING

»
b

S RIE M % o 4 ke o sk 3 ok ok s 3k 66 ke ok e o ok 3k ok ok 3O S Ok o ok ok ok ok ok ok ok 2k ke 3 3 ok ok ok ok o oK ok 3 oK ok ok ok ok o ok K K
O REM* *
-ﬁﬁ REM* DATE: 30SEPS85 *
s REM* VERSION: 1.0 *
x REM* TITLE: POSITION *
Lh REM* FILENAME: POSITION.BAS *
S REM* AUTHOR: CAPT ROLAND J. BLOOM *
o REM* PROJECT: GYRO AND ACCELEROMETER BASED NAVIGATION *
T REM* SYSTEM FOR A MOBILE AUTONOMOUS ROBOT *
[ REM* (THESIS) *
~" REM* OPERATING SYSTEM: Z89/290 CP/M V2.242 MAGNOLIA *
. REM* MICROSYSTEM 1982 *
SN REM* LANGUAGE: MBASIC *
P REM* USE: This program is used to compute the position *
REM* of the MARRS-1 robot based on heading and *
REM* velocity data from the GYRAC. The raw data *
REMx* from the NAV computer (which gathers the *
REM* GYRAC data) must first be converted to *
REM* integer format by the CONVERT program. *
REM* The computed position will be in terms of *
REM* x and y coordinates. An initial (x,y) *
REM* position is provided to the progranm *
.o REM* interactively. Program output is sent *
" ] REM* to the printer where time, x-coordinate *
A REM* and y-coordinate are printed. *
REM* *
_..-. T M %k ok 3k ok ok ok 2k e e o ak 3k e ok e ok ok ok 3K 3k s o ok 3k ok s ok ke ok ik ko ok 3k 3k ok ok 3K Kk ok ok K ok ok 0k ok 3k 5 Sk 3 ok K ok ok K %k
"' REM* *
IR REM* DEFINITION OF VARIABLES *
C) REM* *
> REM 2 % % % ok o ok % ok o o ok ok oK 3 o oK o ko ok K ok ok ok ok oK X
o REM* *
REM* X = X-COORDINATE *
;5f REM* Y = Y-COORDINATE *
- REM* DELTAX = INCREMENT OF MOVEMENT IN X-DIRECTION *
"( REM* DELTAY = INCREMENT OF MOVEMENT IN Y-DIRECTION *
K REM* DISTANCE = LINEAR DISTANCE TRAVELLED IN T SECONDS *
e REM* T = 0.1 SECONDS (WHICH IS THE SAMPLE TIME) *
- REM* HEADING = THE HEADING OF THE ROBOT IN DEGREES *
fﬁ} REMx* VELOCITY = THE VELOCITY OF THE ROBOT (FT/SEC) *
Rt REM* WEIGHT = WEIGHT OF EACH BIT OF VELOCITY, *
"i REM* 1024 BITS REPRESENT 10 VOLTS *
e REM* THEREFORE WEIGHT = 0.00977 VOLTS/BIT *
“qﬂ- REM* CONV = CONVERSION FACTOR FOR CONVERTING THE *
- REM* VELOCITY MEASUREMENT FROM VOLTS TO *
::;‘ REM* FT/SEC. THIS VALUE IS BASED ON LOCAL *
s REM* ACCELERATION DUE TO GRAVITY OF 32.174 *
}f- REM* FT/S/S/G AND THE SENSITIVITY OF THE *
ey REM* ACCELEROMETER (VOLTS/G). *
SOLEEE 1-4
P>
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POSITION.BAS PROGRAM LISTING (continued)

REM* GF = GAIN FACTOR. THIS IS THE GAIN IN THE *
REM* INTEGRATOR CIRCUIT. *
REM* TIME = TIME OF MEASUREMENT (SECONDS) *
REM* RAWTIME = INTEGER VALUE OF TIME. THIS VALUE IS *
REM* A FACTOR OF 10 TIMES THE REAL TIME. *
REM* RAWVEL = INTEGER VALUE FOR VELOCITY (BITS) *
REM* RAWHEAD = INTEGER VALUE FOR HEADING (BITS) *
REM* LEFTREV = REVERSE WHEEL COUNTS FROM OPTICAL *
REM* SHAFT ENCODER ON LEFT REAR WHEEL. *
REM* LEFTFOR = FORWARD WHEEL COUNTS FROM OPTICAL *
REM* SHAFT ENCODER ON LEFT REAR WHEEL. *
REM* RIGHTREV = REVERSE WHEEL COUNTS FROM OPTICAL *
REM* SHAFT ENCODER ON RIGHT REAR WHEEL. *
REM* RIGHTFOR = FORWARD WHEEL COUNTS FROM OPTICAL *
REM* SHAFT ENCODER ON RIGHT REAR WHEEL. *
REMx* *
REM* NOTE - WHEEL COUNTS ARE NOT USED BY THIS *
REM* PROGRAM BUT COULD BE INCORPORATED *
REM* TO PROVIDE A SEPARATE POSITION *
REM* CALCULATION. *
REM* *
RE M % % e ke ke ke ok ok ok ok ok ke ok ok e o e e o ok o 5 ok ok o S ok ok o K K o oK 3 K o 3Kk K ok 3 3K ok 3k ok kA K 3k ok ok 3ok ok ok ok
REM* *
REM* MAIN PROGRAM FOLLOWS *
REM* *

RIE 1 % % % 3k ok s o 3k 3k 3 ok e 5 e ok e e ko o ko3 e o e sk ok e ok ok ok ok ok ok a3k 3k ok ok Kk ke e e 3k e ok 3k ok K ok Kok

REM*

10 INPUT "INPUT THE NAME OF THE DATA FILE(INCLUDE DISK DRIVE)",
FILE$

20 OPEN "I",#1,FILES

30 WEIGHT = 0.00977

33 CONV = 32.174/0.6

37 GF = 1/19.7

39 T = 0.1

40 INPUT "INPUT THE INITIAL POSITION (X,Y) IN FEET, X0, YO

50 X = XO

60 Y = YO

70 INPUT "INPUT THE TEST DESIGNATION", TEST$

80 LPRINT TESTS$

90 LPRINT " "

100 LPRINT " POSITION"

110 LPRINT " TIME(SEC) X(FT) Y(FT)"

120 LPRINT %k %k ok ok ok ok ok k A ke Xk ok ok ok K A K Xk ok ok ok

130 LPRINT '

140 INPUT#1,RAWTIME, LEFTREV, LEFTFOR, RIGHTREV, RIGHTFOR, RAWVEL,
RAWIIEAD

150 IF EOF(1) THEN END
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o POSITION.BAS PROGRAM LISTING (continued)

= 160 TIME = RAWTIME * 0.1
: 165 PRINT TIME
170 VELOCITY = (RAWVEL - 512) * WEIGHT * CONV * GF
' 180 HEADING = RAWHEAD * 0,001534
" 190 DISTANCE = VELOCITY * T
i 200 DELTAX = DISTANCE * COS(HEADING)
- 210 DELTAY = DISTANCE * SIN(HEADING)
220 X = X + DELTAX

- 230 Y = Y + DELTAY
: 240 LPRINT USING " B##.# ## . wn ##.##";TIME, X, Y
» 250 GOTO 140
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Phase II Sample Test Data....cceoteeecesceccnenssosossssss
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APPENDIX K

Phase III Test Data
Gyro Navigation Test Run Number 1 .....vc0eeececcesonss
Gyro Navigation Test Run Number 2 .......icceiveeerennas

Gyro Navigation Test Run Number 3 .....cc0veeevcsoscnns
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GYRO NAVIGATION TEST RUN NUMBER 1

Given: 33 Foot Course
Heading of 3EC (hex)
(degrees)

Steering Window: 3EO to

992 to
87.1875 to
Measured:

1004 (integer) = 88.2421875

3EF (Hex)
1007 (integer)
88.50585938 (Degrees)

Heading at each course change decision point

HEADING HEADING HEADING DEVIATION DEVIATION

(Hex) (Integer) (Degrees) (Integer) (Degrees)
3EB 1003 88.15429688 -1 -0.087890625
3EB 1003 88. 15429688 -1 -0.087890625
3EB 1003 88.15429688 -1 -0.087890625
401 1025 90.08789063 +21 +1.845703125
410 1040 91.40625 +36 +3.1640625
40F 1039 91.31835938 +35 +3.076171875
3FF 1023 89.91210938 +19 +1.669921875
3D8 984 86.484375 -20 -1.7578125
3B0 944 82.96875 -60 -5.2734375
3A2 930 81.73828125 -74 -6.50390625
3A2 930 81.73828125 -74 -6.50390625
388 952 83.671875 -52 -4.,5703125
3E0 992 87.1875 -12 ~-1.0546875
3FF 1023 89.91210938 +19 +1.669921875
40D 1037 91.14257813 +33 +2.900390625
410 1040 91.40625 +36 +3.1640625
3FC 1020 89.6484375 +16 +1.40625
3DB 987 86.74804688 -17 ~1.494140625
3B9 953 83.75976563 -51 ~4.482421875
3AE 942 82.79296875 -62 -5.44921875
3AA 938 82.44140625 ~66 -5.80078125
3BA 954 33.84765625 -50 -4.39453125
3E2 994 87.36328125 -10 -0.87890625
3FF 1023 89.91210938 +19 +1.669921875
40A 1034 90.87890625 +30 +2,.63671875

et et dan et
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GYRO NAVIGATION TEST RUN NUMBER 2
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Heading of 3EC (hex) = 1004 (integer) = 88.2421875

Given: 33 Foot Course
(degrees)
Steering Window: 3EO to
992 to
87.1875 to
Measured:

3EF (Hex)

1007 (Integer)
88.50585938 (Degrees)

Heading at each course chang2 decision point

HEADING HEADING HEADING DEVIATION DEVIATION

(Hex) (Integer) (Degrees) (Integer) (Degrees)
2F5 757 66.53320313 -247 -21.70898438
3EB 1003 88. 15429688 - 1 - 0.087890625
3EB 1003 88.15429688 - 1 - 0.087890625
3EB 1003 88. 15429688 - 1 - 0.087890625
3EB 1003 88. 15429688 - 1 - 0.087890625
3EB 1003 88.15429688 - 1 - 0.087890625
3EB 1003 88. 15429688 - 1 - 0.087890625
3EB 1003 88.15429688 - 1 - 0.087890625
3E7 999 87.80273418 - 5 - 0.439454125
3E7 999 87.80273438 - 5 - 0.439454125
3E7 999 87.80273438 - 5 - 0.439454125
3E4 996 87.5390625 - 8 - 0.703125
3E1 993 87.27539063 - 11 - 0.966796875
3DE 990 87.01171875 - 14 ~ 1.23046875
3E2 994 37.36328125 - 10 - 0.87890625
3E8 1000 87.890625 - 4 - 0.3515625
3E8 1000 87.890625 - 4 - 0.3515625
3E8 1000 87.890625 - 4 - 0.3515625
3ES 1000 87.890625 - 4 - 0.3515625
3ES8 1000 87.890625 - 4 - 0.3515625
3E8 1000 87.890625 - 4 - 0.3515625
3E8 1000 87.890625 - 4 - 0.3515625
3E8 1000 87.8390625 - 4 - 0.3515625
3ES8 1000 87.890625 - 4 - 0.3515625
3E8 1000 87.890625 - 4 - 0.3515625
3E7 9299 87.80273438 - 5 - 0.439454125
3E7 999 87.80273438 - 5 - 0.439454125
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GYRO NAVIGATION TEST RUN NUMBER 3
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33 Foot Course
Heading of 3EC (hex) = 1004 (integer) =
(degrees)

Given:
88.2421875

Steering Window: 3e0 to 3EF (Hex)
992 to 1007 (Integer)
87.1875 to 88.50585938 (Degrees)

Measured: Heading at each course change decision point

HEADING HeADING HEADING DEVIATION DEVIATION
(Hex) (Integer) (Degrees) (Integer) (Degrees)
3 502 1282 112.6757813 +278  +24.43359375
N 3E4 996 87.5390625 - 8 - 0.703125
‘- 3E1 993 87.27539063 - 11 - 0.966796875
. 3E1 993 87.27539063 - 11 - 0.966796875
L o 3ES 997 87.62695313 - 7 - 0.615234375
! 'j ° 3E8 1000 87.890625 - 4 - 0.3515625
o - 3EE 1006 88.41796875 + 2+ 0.17578125
» 3F4 1012 88.9453125 + 8 + 0.703125
- 3F9 1017 89.38476563 + 13 + 1.142578125
b 3E1 993 87.27539063 - 11 - 0.966796875
' 3D8B 0989 86.92382813 - 15 - 1.318359375
3F1 1009 88.68164063 + 5 + 0.439453125
> 3F9 1017 89.38476563 + 13  + 1.142578125
N 3FB 1019 89.56054688 + 15 + 1.318359375
- 3E7 999 87.80273438 - 5 - 0.439454125
o 3DE 990 87.01171875 - 14 - 1.23046875
- 3F1 1009 88.68164063 + 5 + 0.439453125
; 3FC 1020 89.6484375 + 16 + 1.40625
3 3FF 1023 89.91210938 + 19 + 1.669921875
2 3EA 1002 88.06640625 - 2 -~ 0.017578125
- 3E1 993 87.27539063 - 11 ~ 0.966796875
Y 3E8 1000 87.890625 - 4 - 0.3515625
A 3EB 1003 88.15429688 - 1 - 0.087890625
; 3F1 1009 88.68164063 + 5 + 0.439453125
. 3F4 1012 88.9453125 + 8 + 0.70312%
< 3DE 990 87.01171875 - 14 - 1.23046875
. 3D2 977 85.86914063 - 27 - 2.373046875
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LAB EQUIPMENT, COMPUTER, HARDWARE, and SOFTWARE

sy
.

LAB EQUIPMENT

Quantity Description
1 AFIT Mobile Robotics Laboratory
1 AFIT MARRS-1 Robot
1 1607 Eldorado Frequency Counter
1 186 Wavetek Waveform Generator
1 1610A Hewlitt Packard Logic State Analyzer
1 465M Tektronics Oscilloscope
1 3466A Hewlitt Packard Digital Multimeter
1 M-15 Trygon Power Supply
. 1 M-36 Trygon Power Supply
“ 1 6C3000 Powertec Power Supply
1 S-10 Bytek EEPROM Programmer
1 S-52 Ultra Violet Products EEPROM Eraser
COMPUTER HARDWARE
Quantity Description
Séj 1 MARRS-1 Navigation Computer
gii 1 MARRS-1 Drive Computer
r%‘ 1 MARRS-1 GYRAC Computer
E?“ 1 Heath H89 Computer
E 1 Heath H27 Eight Inch Dual Disk Drive System
;ﬁ; o 1 Heath H125 Dot !latrix Printer
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:‘..‘

COMPUTER SOFTWARE

‘ Quanity Description

41 1 Wordmaster Word Processor

E_ 1 Wordstar Word Processor

1 Virtual Devices Robo A 6802 Cross Assembler
r 1 Modem 720 Communication Program

1 CP/M Operating System

o“ 1 MBASIC Compiler

fl 1 MARRS-1 Drive Computer ROM Software

; 5"‘ 1 MARRS-1 Navigation Computer ROM Software
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