@

AD-A151 963

QTIC FILE COPY

A

First Lieutenant,USAF Captain, USAF

CREATING A MOBILE AUTONOMOUS
ROBOT RESEARCH SYSTEM (MARRS)

THESIS

Thomas E. Clifford Hubert G, Schneide:

AFIT/GE/ENG/84D-19

This document has been
for public releces and sales kg
distrdbution ls uakimied. - .

DEPARTMENT OF THE AIR FORCE
AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY

Wright-Patterson Air Force Base, Ohio

85 03 13 066




N i i e " T T T, 4 YW T TYT a T . T e L™ e Y R W e Y
A T T L T e L e e N Qe o T R L TR LT LN LN TR AT UL TN T

Rt AFIT/GE/ENG/84D-19

- . CREATING A MOBILE AUTONOMOUS
o ROBOT RESEARCH SYSTEM (MARRS)

THESIS

o Thomas E. Clifford Hubert G. Schneider III
o First Lieutenant,USAF Captain, USAF

i AFIT/GE/ENG/84D-19

fi_ Approved for public release; distribution unlimited

- R Y Ow T A
o M TR TN RS

PRIV |

T




T e N e T e e T T v e R A T T AT e T o T R A T A L AT T LT A T a S A TR TR T T AT T E T 6 kT e

" e
‘s
g
g
*
s
’
:
4
1
§
1
o
1
.
Y
1
l|
1
4
1

AFIT/GE/ENG/84D-19

CREATING A MOBILE AUTONOMOUS ROBOT RESEARCH SYSTEM (IARRS)

THESIS

Presented to the Faculty of the School of Engineering

of the Air Force Institute of Technology

Air University | Aocession For
RTIS GRAXI
In Partial Fulfillment of the DTIC TAB gg
Unannounced O
Requirements for the Degree of Justification

Master of Science in Electrical Engineering | py
| Distribution/ -

Availability Codes
[ [avail and/or |
Dist Special

A-/

Thomas E. Clifford Hubert G. Schneider 1I1l1l

First Lieutenant, USAF Captain, USAF

December 1984

¢
| ;
{
|

Approved for public release; distribution unlimited

o
%C"-'.'"-I'-Z-'-."x'-'{“{"x'"-l'.‘-Z-'-L-'-;1'-.'-'-.-"--*.';‘fcf~.'Z-.'I~.‘Z-."I-.'i I L OGO LT S U T S UL C RO s, C6 00 LUt o L U A



-

| i L L B I S T e A g A T RN IR

Preface

e e e S el

The creation of MARRS-1 and the AFIT Mobile Robotics
Laboratory was made possible through thé energetic support
of many individuals and organizations. In particluar, we
want to thank our thesis advisor Dr. Matthew Kabrisky and
the Department of Electricai Engineering for providing the
ultimate research environment where opportunities for self
realization and true contributions to science and technology
flourish. Additionaly we thank Captain Rob Milne, Captain
Lee Baker, Robert Durham, Orville Wright, Dan Zanbom, Dick
3 Wager, Charlie Powers, Stan Bashnore, and Mary Elizabeth

Dennis of AFIT/ENG; Leroy Cannon, and Steve Coats of
‘7 AFIT/ENY; Ron Gabriel of AFIT/ENP; Carl Shortt, Ron Ruley,

and Russell Murry of AFIT/RMF; our sponsor, Tim Anderson of

AFMRL; Lt. Keith Carter of AFWAL/AADM-2; Amn. John Burns of
AFIT/PA; SSgt. Robert Lofland of Det. 2 1361 AV Sq; Doug
Sauer of SRL; Tom Meyer and Gordon Doughman of Motorola;
Dick Parr, Abe Siff, and Clair King of Datﬁmetrics; and
Dennis Van Deusen of Virtual Devices.

Many thanks also go to Lt. Randall Owen who started

this new endeavor at AFIT énd Captain James Holten, an AFIT
Phd. candidate, for his suggestions and encouragement.

But most of all, we are especially grateful to our
parents, wives, and children whose support and sacrifices

have allowed this project to be "more than just a thesis.,”

ii

T A T T T AT A e e e et e TNt A T RGN ety Sk RN, NN e RN T e e e N e e e A et A e
KRR RN L ASRENOIL SN AN A B A R A AT I Y AT A :."C"\'"x"«."-z'.'-:‘.t Ot ":". ORI T




PR A i ECH Tl AN A AL AL PS4 I 7 A A oA e i B A I R S A U A s s

B Contents

- Page
Prefac@ o« o ¢ o o o ¢ ¢ o o o o o o s o o- 0 o o ii
List of Figures e o 6 & o o o o s o & o o o o o o vi
List of TalbleS. L] L] L] L L] L L] L] L] L] L] L L] L] L] L L] viii
Abstract. L[] L] L[] L] o L] L[] L[] L L] L] L] L] L] L] L L] L] L] L] ix
I. Introduction « o« o o o o o o o o o o o o o o I-1

Background. L] L] L] L] L] L] L] L] L L L] L] L] L] -1
Objective e o o o o o ¢ e o o o o o o o "2
Why MARRS"]. ) e o o o o e o o o o o o o -3
II. Background issues of Mobile Robotics . . . . I1-1
Basic Requirements for a Mobile Robot . -1
Computer Hardware . « « o & o« o o o -2
Computational Element Selection 2 0 d o -3
Microprocessor Features of Interest . . -3
MeChanical Drive. e o . . e o o L] e o o '6
Mechanical Device Performance . « « + -6
sensors L] L] L] L] L] L] L] L] L] L] L] L] L L] L] L] -7
RObOtiC ViSi\.ln ® o © & o o & o s s o o -9
Range and Direction Techniques. . . . . -10
Triangulation e o e © & o o 8 o o o o o "10
Contr°1IEd Lighting e o o o o o o o o o "1“
Stereo Vision « « o o o ¢ ¢ o ¢ o o o o -11
Stereo Convergence in an IC . ¢« o« ¢ o & -12
‘Range from Time-of-Flight . « ¢« ¢« o & & -12
Ultrasonic Sonar. e o e o o o o o o o o -13
Time-of-Flight Limitations. « « ¢« o« .¢ & -14
RObot SOEtwareo e o o 8 o6 o o o o o o o -14
Flexibility thru ResourcesS. « « ¢ ¢ o o -14
Levels of Robot Programming « « « « o & -15
BaSiC Fu"ctions "equi:&ﬁ. e 5 o o o o o "16
Quality Softwale. . . e ° e v o ¢ o o . -17
Programming Guidelines. « « o« ¢ ¢ o o o -18
Decision Making ® o o o o o o o o o o o -19
Deferred Data Items « « ¢ « ¢ o o o o -19
Resource Allocation o e e o o o o o o "2“
Exception HandEIing e o © o o o o o o o "20
High Level Language Programming . . . =21
Sensory Data ProcessSing « « o o o o o o -23
Sensor EXXOLe o« o o o o o o o o o o o o =23
What iS a RObOt e o 6 o © o o o o o o o -24
iii
e




F}T:‘r‘.&. i s .‘-j ..... RV IERI Taed o0 L AU TE e SAChERCR s A AR A AR AR AR AR AT AN A A A g
N
N
N
b,
!
I
:t‘ IIIo MARRS‘I DESIG" e & & 6 o & e & o o o o o o o III-l
o -
L overView. [ ] [ ] L] [ ] ] [ ] L] [ ] [ ] L] L] [ ] [ ] [ ] [ ] -1
! Familiarization with the AFIT HERO-1l. . -2
N What Could the AFIT HERO-1 Robot Do . . -3
P. Deficiency Identification . « ¢« ¢« &« + & -3
. System Level Description. « « ¢« ¢« ¢ o« & -5
DeSign Philosophy ° . . . . . Y - . . . "7
', MQChanical DeSign e o & o o & o o o o o -8
- Drive Computero ° . ° . ° ° ° ° ° . ° ° "8
g NaVigation computer e o o o & o o o & » -9
o Nav Computer Hardware . . o o o o ¢ o o -10
: Nav Computet SOftware . ° . 3 . ™ . . . -10
' Optical Shaft Encoder (OSE) Subsystem . -11
Ultrasonic Sonar Subsystem. . « « « ¢ & -12
Software Development Support. . « ¢ o o -15
IV. MARRS"I System Integration . . . . . ° ° ° " IV-].
Sideline ACtiVities e o o 6 o o o o & ® -"
Robot Integrated Operation Test Plan. . -5
Test Range Environment. . « « ¢ o o o & -5
MARRS~-1 Operating Modes . « « o o s o & -6
Support Equipment Y . Y Y ° ] ° . . . . "7
Drive Computer Learn Mode ProgramsS. . . -7
RObot TeSt Procedures Y . ° . ° . ° . ° "9
Data c°11ecti°n Y Y . . 'Y ° ° . ° 'Y . ° "11
TeSt Data Usage [ [ [ [ ] [ ] [ ° [ ] . - [ [ -12
v. MARRS-1 Integrated Operation Test Results, . V-1
Minor Test Problems . « o« o o o o o o o -1
Mapping Algorithm ¢ o o o o o o o o s 0 -2
Graphics P].OtS. . [ ° ° . ° . . . . . ° "4
Discussion of RIOT Results. « « « o o =16
Vi. Recommendations for Future Work on MARRS-1 . Vi-1
Yet Another Computer for MARRS=l. . . & -3
Cooperation Needed in Mobile Robotics . -4
C"nCIUSiono . . ° . . . . ° ° . ° 3 . ° -6
Bibliography. ° [ . ° ° ° ° ° - [ ° [ ° o. . . [} . BIB-].
Vita Lieutenant C].ifford. Y Y Y Y . ° ° Y . . . ° VITA"I
Captain SChneidero ° . [ ] [ [ . ° ° [ ° [ [ ° -2
Appendix A: Marrsbug Operating System. . . .« & A-1
Appendix B: Extended Interrupt Handler . . . . B-1
Appendix C! Mapper ° ° ] [ [ [ [ [ [ [ ° ° [ [ C—l
iv
T A T I T T S L e T




R e S A T A A S S Sl N S L

Appendix D: Navigation Computer Definitions. . D-1
Appendix E: Drive Computer Definitions . . . . E-1
Appendix F:. Navigation Computer Schematics . . F-1
Appendix G: Navigation Computer Parts List o o G-1
Appendix H: HERO-1 to MARRS-1 Conversion . . . H-1
Appendix J: Lab Equipment, Hardware, Software. J-1
Appendix K: K-3 Encoder Installation . « « . & K-1
Appendix Lt Polaroid Range Board « « « « « « & L-1
Appendix M: 6800 Hex File Format « « « « ¢ o & M-1
Appendix N: Nav Computer Software User's Manual N-1
Appendix O: RIOT # 20 Raw Data Listing . . . . 0-1
v
RO S A R A LG £ 24 % LN ST S N L Oy w i R Syt S L K A R SRR




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

Figure
3.1

3.2
3.3
3.4
4.1
4.2
S.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13
5.14
5.15
5.16
5.17
5.18

LR

- W W
-----

List of Figures

AFIT . HERO-1 Built by Lt. Cwen, .

AFIT MARRS-1 , ., .

MARRS-1 Control Structure. . . o

Sonar Transducer Location. « « &

Modified Front Wheel Assembly. .

MAPPER Heading Convention. . . .

RIOT Range Layout.

Location of Objects for Test with Objects.

Owen
Owen
RIOT
RIOT
RIOT
RIOT
RIOT
RIOT
RIOT
RIOT
RIOT
RIOT
RIOT
RIOT
RIOT

RIOT

Thesis Test Range and Sonar Map . . .

Thesis Coincidence Sonar Map. .

$18:
$14:
$#19:
$#15:
$20:
$16:
$21:
$17:
#5:

$4:
$#11:
$7:
$l2:

Straight
Zig zag
Straight
Zig Zag
Straight
Zig Zag
Straight
Zig zag
Straight
Zig Zag
Straight
Zig Zag
Straight

2ig Zag

One Sonar
One Sonar
Two Sonars
Two Sonars
Three Sonars
Three Sonars
Four Sonars
Four Sonars
One Sonar
One Sonar
Two Sonars
Two Sonars

Three Sonars

Three Sonars

vi

...........

o A e TP TV Y TR U T R St TR S S sl e R Nl
TN N N N PP R P Nt

at a Time

at
at
at
at
at
at
at
at
at
at
at
at

at

Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time

Time

Page
I111-2

I11-6
111-7
III-13
Iv-2
Iv-9
V-5
V-5
V-6
v-7
V-8
V-8
V-9
v-9
v-10
v-10
v-11
v-11
v-12
v-12
v-13
v-13
v-14
v-14




h

AR LA A AL YANER LA AL Al S S S N LA E A A R R A A N Y A R R S N P P e CIEE  h CR R

-~ - e —. —————— e

SRSACRRCRAN T ACRFLFMM A NE 1 S
- B D i~ A

. Figure . : Page
E 5.19 RIOT #9: Straight Four Sonars at a Time v-15
5.20 RIOT #13: 2ig Zag Four Sonars at a Time V=15
| 6.1 Unified AI/Robotics Model. « ¢ o« o ¢ ¢ o o« Vi-5
G.1 CPU Control BuS. « « ¢ o o 2 o o o o o o o G-2
G.2 CPU Address BuS. « o o o ¢ o ¢ ¢ o o o o o G-3
G.3 CPUData BUS « « o o ¢ o o ¢ o o o o o o o G-4
G.4 RAM/ROM Address and Data Bus . ¢« « ¢« ¢ ¢ G-4
G.5 I/0 Address and Data BuS « « ¢ ¢ ¢ ¢ o o o G-5
G.6 RAM/ROM Chip Enables . « « o « o o ¢ ¢ o o G-6
G.7 I/OChip Enables « « « ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ o & G-17
G.8 I/0 Auxiliary Signals. « « « ¢ o o o ¢ o o G-8
G.9 ROM Overlay RAM circuits « « « ¢ ¢ o o o & G-9
(¢ G.18 Serial I/O POXES « o o o o o o o o o o o » G-19
G.11 Buffered Sonar Signals « « « o« ¢ ¢ o o o o G-il
G.12 Sonar Timer/Range Board Interface. « « « o« 'G-12
G.13 Sonar Transducer Selection Circuitry . . . G-13
G.14 Sonar Transducer Relay Interface « « « « o« G-14
G.15 Optical Shaft Encoder Timer,/Counter Circuit G-15
G.16 24 Pin Sonar Transducer Header . « « « « o« G-16
G.17 Dual Sonar Range Board 206 Pin Headeg e o o G-16
G.18 Optical Shaft Encoder Board 48 Pin Header. G-17
H.1l Drive Computer I/0 Upgrade « « « s ¢ ¢ o o H=-2
H.2 MARRS-1 Battery Configuration. « « ¢ « .« & H-2
vii

B s G R G O IS TR AN T A L L N T T T e ]



List of Tables

Page

RIOT configurations. e & & e o & e o & o 0 IV—7

MARRS-1 Straight Line Drive Computer Program Iv-8
MARRS-1 Zig-Zag Drive Computer Program . . 1v-8

RIOT Raw Data Fotmat e o o e e ¢ o o @ * o IV'll

viii

X PR AR PP VR S e AT e A e T T e SUROACRT SRR AT
".:L .ﬂu\u\' 'r...ﬁ'..} \.'&L\-_'Au‘u o \ ;, .\'. R T e L Pf Py S it Sl e TR, sy W -’"n‘.‘l‘. IR AT IR RS |




L IO N - a St S i i e el St St haibe Thofe B et gl Thoie Tt Al TR A S ot Tk Tt Tt Ttk it Tt T ide e E R o o s—— -—
L N A e A A A A e A e A R ORI iin Tl A St B A T s R e D s

Abstract

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

and rinimal additional software, mapping and obstacle

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

MARRS-1 robot. Issues involved in solving mobile robotics

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

I. Introduction

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

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

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

1) Avoid obstacles (both static and dynamic);

2) Locate the appropriate airc:aft[

3) Perform fueling and/or maintenance,

4) Return to previous work ctation.

Early AFIT efforts in mobile robotics were hampered by

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

in mobile rokbotics. Before any autonomous vehicle can fuel

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

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

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

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

performance data.

Objective

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

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

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

avoiding obstacles. However, the thesis effort is divided

into the following sub-objectives: I

1) Identify and eliminate design deficiencies in

the AFIT HERO robot.

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

2) Establish a 1library of robot programming

software and algorithms.

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

4) Establish an AFIT mobile robotics laboratory.

Wwhy MARRS-1

The HERO-1 robot has many design deficiencies (chapter

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

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

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

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

and debug software was seen as one of the most important

Gz‘ improvements needed in the AFIT mobile robotics research

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

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

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

wheel odometer) ,its abundant selection of sensors is

thwarted by its lack of useful and user friendly software.

I-3
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To make things worse, the HERO-1 robot operates in an open
loop (no active feedback) mode. A quality mobile research
robot was needed but could not be found commercially. Two
options were available:

1) Build a mobile robot from scratch.

2) Improve the existing HZRO-1 design.

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

AFIT's mobile robotics research was being conducted in

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

mobile robotics research,

I-4
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II. Background Issues of Mobile Robotics

Basic Requirements for a Mobile Robot

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

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

data and to provide control logic to the robot subsystems.

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

common mobile robot drive systems are composed of digital

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

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

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

control robot subsystems.

Computer Hardware

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

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

Several prototype robots with multiple computers

operate under a master-slave principle. Generally the

motion controllers act as slaves to the sensory

I1-2
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processors/interpreters. Communication between mésters and

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

Computational Element Selection

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

computational needs.

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

d. Priority interrupt;

e. Buffered interrupts when masked;

3 Input/Output facilities;

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

Addressable memory space;

~N o wv

Hardware support chips:

a. DMA controller;

b. Memory management;

c. Numeric coprocessor for floating point
operations;

d. 1/0;

Special supervisor modes for system failsafe
monitoring;

9 Processor compatibility with supportchips/devices;

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

microprocessor.

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

given microprocessor has been an overriding choice factor in

a number of projects such as in the development of the

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

against the above criteria, the 280 microprocessor is the

best choice  (here at AFIT) maiily because of available

L
b
b

hardware/software support. However, when not considering

available support, the MC68000 family of microprocessors has

2! the best feature set for robotics applications because

(5,6,7):

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

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

tremendous amount of instructions and data without the need

for an external mass storage device.

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

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

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

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

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

and capabilities and yet accomplish tomorrow's job today.

‘tf Mechanical Drive

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

or more wheels to provide steering and motion control.

Mechanical Device Performance (8:12-24)

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

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

than the accuracy of +»¢ sensory data

used to mnAicy the robot's action.

q Repeatability will suffer from component
wear and aging.

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

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

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

8 Oscillations may occur if command

compliance is too slow.

Sensors

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

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

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

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

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

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

vision.

Robotic vVision

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

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

partially obscured ones).
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Range and Direction Techniques

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

flight (12).

Triangulation

Triangulation techaniques use a narrow beam of light and

a camera that is physically displaced from the light beam

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

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

recorded during the scan. Using Euclidean geometry, a three

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

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

This lack of common origin causes problems for scene

interpretation and is only used in controlled situations.

Controlled Lighting

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

lighting, edges of objects are defined by looking for a

change in brightness between adjacent pixels (picture

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

rules.,

Stereo Vision

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

fence with a vertical or horizontal pattern. In such

situations, the computer that is correlating points between

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

I1I-11
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Stereo Convergence in an IC

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

used on the camera.

Range from Time-of-Flight

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

transmitted powér which may be beyond safe levels.
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Ultrasonic Sonar

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

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

the object's inclination and geometry could affect the

Gh quality of the returned signal. Better results can be

obtained with multiple ultrasonic sensors mounted on the

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

was possible by reducing the amount of information *o be

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

Jarvis (12:135) indicates that obstacle detection and

robot navigation are good applications for ultrasonic sonar

because of their low cost and ease of use.

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

could yield sufficient quality for robotic scene analysis.

Robot Software

Robotics research, development, and applications

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

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

situations.

Flexibility thru Resources

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

programming language. For every unique robot, there is a

C
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unique set of instructions to control that robot.

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

algorithms;

data;

1

2

3 computational power;
4 storage capacity;

5

commandable devices (motors, relays, servos,

wheels, arms, end effectors, and other special purpose

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

operation or the environment);

ET 7 and master/slave connections with other

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

L -
hﬂ Levels ot Robot Programming

There are three distinct levels of robot programming:

T

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

provides the lowest level of routines to control robot

D SRR

resources and interfaces between resources. Task level

v ey
238 ¢

RN

programming is done as high level calls of the lower system

level routines. Operat. r programming may consist of loading

»® .
v e e

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

e S0 e
P

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

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

understanding.

Basic Functions Required

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

4 Movement;
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5 Sensor data gathering; and

6 Sensor data processing.

Quality Software

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

1l correct (hard to determine);

2 reliable (no detected errors);

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

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

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

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

effective comments, modular structure);

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

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

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

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

algorithms).

Programming Guidelines

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

1 Program in small modules.

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

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

4 Don't write self modifying programs.

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

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

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

NOT in front of an expression.

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

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

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

own reward.

Decision Making

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

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

4 Howtohandle exceptions,

Deferred Data Items

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

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

Resource allocation becomes a problem when two or more

processes require the same resource. This still may be

FTEEESY VT Y OV Y T YT

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

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

(or a software instruction like the afore mentioned MC680080

test and set instruction) may be required to insure

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

the classic deadlock or deadly embrace.

Exception Handling

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

i position update marker as planned. Unpredictable exceptions

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

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

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

robot should only be restarted by a special manual or

automatic procedure. Robots should have deadman and panic

ef switches to protect both humans and equipment.

High Level Language Programmidg

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

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

(off-robot) software deveiopment system

to the robot;

I11-21
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2 Relocate code in memory;

3 Link modules;

4 Allow Symbolic debugging;

5 Set/reset breakpoints; and

6 Single step program execution.

Programming languages used should conform to the

structured programming guidelines. Possible languages
include:

1 Assembly languagé in the processor’'s

instruction set;
2 The C programming language;

3 Structured FORTRAN;

4 PASCAL;

5‘ ADA;

6 LISP;

7 PROLOG; and
8 FORTH.

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

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

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

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

The major robot sensor categories are:

1 Proprioceptors (sense position);

Touch;

Proximity;

Range;

2

3

4.

5 Force;
6 Movement;
7

and Vision (really only a subset of the

vision that humans experience).

Sensor Error

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

Crowley has proposed a computational paradigm or model

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

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

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

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

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

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

What is a Robot

A robot is a device that performs functions

normally ascribed to human beings, operates with what

TN T Y
R A ————

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

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

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

based on range and direction information may soon allow

mobile robots to function in environments previously

requiring human workers.
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‘ III. MARRS-1 Design

Overview

One of the major efforts of this thesis has been to

develop hardware and software to cocntrol and communicate

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

various directions. Second, the robot was then modified to

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

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

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

in a particular device are consistently similar to previous

test cases, then error compensation is relatively simple.

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

Familiarization with the AriT HERO-1 Robot

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

driving force in determining the direction of this thesis.

Figure 3.1 AFIT HERO-1 Robot Built by Lt. Owen
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ko What Could the AFIT HERO-1 Robot Do?
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The AFIT HERO-1 robot had an arm with 145 angular ;
degrees of movement, a wrist with two axis of motion, and a !
two claw gripper. Locomotion was developed from a tricycle

gear wheel configuration with the front wheel the only wheel

)
)
’
»
.
g

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

the AFIT HERO-1 robot had some major deficiencies.

Deficiency Identification

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

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

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

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

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

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

v,

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

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

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

the AFIT HERO-1 robot required undesirable human

intervention to:

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

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

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

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

System Level Description

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

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

Design Philosophy

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

was to treat all system components and sub-elements as

“a
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black boxeé with standard interfaces (in this case

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

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

2 .
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burdens from the CPU,
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Mechanical Design

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

design impact on the sonar system will be discussed later.

Drive Computer

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

ROM was modified to support 9600 baud rate communications
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(see Appendix E). It is now possible to program the Drive
Computer in the C language, in Virtual Devices tokenized
Vamp language, in HERO-1 learn mode (teach pendant), in
HERO-1 Robot language, and in 6861 Assembly language (a
superset of the 680¢ family with internal 16 bit
operations). The Drive Computer (Menos I upgraded HERO-1
computer) is described in Virtual Device's Menos I user's
manual, Virtual Devices Robo C user's manual, Heathkit's

HERO-1 documentation, and in Appendix E.

Navigation Computer

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

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

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

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

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

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

devices are memory mapped as is the case with all Motorola

68XX, 68XXX devices.

Nav Computer Software

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

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

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

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

Optical Shaft Encoder (OSE) Subsystem

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

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

with each other. With the proper interface circuitry,
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this phase relationship enables the robot to distinguish
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between forward and reverse motion of each rear wheel.

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

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

signal on one OSE channel and a negative transition

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

this distance has been reached, an interrupt |is

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

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

and VI).

Ultrasonic Sonar Subsystem

The AFIT MARRS-1 robot utilizes a simple vision

system to aid in the solution of the mobile xobot
point to point navigation problem. The syct<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>