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A navigation and positioning system:fdr°an/eieétriptautomatic guided
vehicle has been designed and implemented on an indﬁéﬁrial pallet
truck. The system includes an optical sensor mounted on the vehicle,
capable of recognizing special markers at a distance of 0.3m. Software
implemented in a Z-80 microprocessor controls the sensor, performs all
data processing and contains the decision making processes necessary
for the vehicle to navigate its way to its task location. A second
microprocessor is used to control the vehicle's drive motors under
instruction from the navigation unit, to accurately position the
vehicle at its destination. The sensor reliably recognises markers at
vehicle speeds up to 1ms", and the system has been integrated into a
multiprocessor controlled wire-guidance system and applied to a

prototype vehicle.
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the Interdisciplinary Higher Degrees (IHD) Scheme at

Aston in Birmingham. The scheme aims‘t6’bfihg‘tOge{herzééédemchWﬂ

research and industrial needs for mutual benefii‘and tbyéquip‘thé
student with problenm solving techinques that can be applied across the

spectrum of industrial enterprise.

Cableform Limited specialises in the design, development and
manufacture of control systems for battery electric vehicles, supplying
equipment to a wide range of truck manufacturers in the U.K. and
abroad. They envisaged large changes in mechanical handling and°Storage
methods with the onset of the microprocessor ‘'revolution' and saw this
as an opvnortunity to widen their product field. In the short term,
microprocessor based versions of present products were to be designed,
but in the long term, automatic control of electric vehicles was seen
as a natural extension of Cableform's involvement in their existing
markets. A research department was therefore set up to investigate the
automatic vehicle Tield and develop a series of prototypes thatlhouid
enable the company to capture a market share. The team assigned to this
project at the outset consisted of one full-time engineer, two

nost-graduate I.H.D. students and one technician.

An initial survey of companies producing automatic control egquipment

indicated that the majosr interest was in rail and wirémguided vehicles
and the future develonment of these systems wié thought to be a
free-roving mobile robot with automatic load handling capabilities.
Such machines have long been heralded as the answer to the automated
factory dream in both industrial and academic spheres, and yet

commercial automatic vehicles of today are still tied tc special

- -



routes and have limited loading f

navigation systems are primitive injpra¢£1¢e,,althgughrmﬂ
has been carried out in the fields of 'Artificial ihieilié;
'Computer Vision'. Systems that do employ the fruiis;of.thi5 w0rK*aréQ\H’
either built into highly specialised demonstration vehicles or rely
heavily on large computers to process complex algorithms. There is

also a trend towards ‘Software Simulation'whereby theories are’
implemented and tested in computer models without the expense and
inflexibility of building prototype hardware. This can lead to-a

heavy dependence on computing power which is difficult to implement on

a vehicle. From an industrialist's point of view, a suite of programs

on a computer is not as attractive as a working truck, and there is a
need for practical demonstration of advances in vehicle automation:to

be made in the industrial setting in which it is used.

Research policy at the sponsoring company affected the project in two
ways: firstly, the technology employed was to be microprocessor-based
digital systems, and secondly, the scope was limited to developing
individual control systems and not a custom vehicle. A Z-80 software
development system was already available at the company, and this
microprocessor was adopted throughout the project. The second constraint
stemmed from the company's present activities and its desire to expand
into present markets rather than to embrace new ones. Those markets

are truck manufacturers and not truck users, so products are designed
to fit a variety of vehicles of different makes as part of the truck
manufacturers’' own customization processes. This has led: to a modular
concept of basic building blocks from which many systems can be built
by combination, and the concept was naturally applied to-the automatic

vehicle project.



The author was involved to a vary

except load handling. The fi:st taék was to‘develgp;thg_¢oncep£xandﬁ“

proposal for the automation system, which involved all me
research team. Subsequently, the author assumed specific-r85ponsibili£y‘

for the navigation and positioning functions.

By the end of the period covered by this thesis, various microprocessor
based systems had been added to the chassis of an industrial pallet
truck to produce a prototype Automatic Guided Vehicle (AGV). The
vehicle followed an inductive wire loop laid on the floor and travelled
at speeds up to 0.7ms™'. Navigation was achieved by using an optical
sensor to read markers placed alongside the route to identify key
locations, and a special set of markers was used in conjunction with
this sensor to aid positioning of the vehicle at workstations. Loads
could be transferred to and from the vehicle by means of an on-board
conveyor. The navigation and positioning system was not specific to @he
prototype AGV and could be used on any guided vehicle regardless of the

method of route indication (rail, wire, white line or other).

The following chapters describe the design and development of the
navigation and positioning system and its integration into the

prototype vehicle. First, the scope of vehicle automation in the

mechanical handling environment is introduced with a review of the
technology available for further development. Then the concept of an

AGV is discussed and the proposal for the Cableform research programme (
is presented. This is followed by the design detail of the various

system components and how they interact to navigate the vehicle.

Finally the work is evaluated in a discussion of field tests and

results.




THE AGV WORLD




2.1 Commercial AGV's.

AGV's have a long history of industrial use, dating‘backiﬁQ?IQEE'when. 
a towing truck was modified by Barrett Electronics to foiléwf:‘
overhead guide wire (1). Today they fall into three basic categoriéég
rail-guided (either on the ground or overhead or both), in-floor

towline, and route guided (for instance a current carrying conductor

buried in the floor).

2.1.1 Rail-guided Vehicles.

These are found specifically in narrow-aisle high-rise warehouse
applications and on assembly lines. Control is effected by a remote
operator or computer utilizing the A.C. power feed along the rail as a
communications channel. Semi-automatic versions exist which take care
of horizontal and coarse vertical positioning, leaving the driver free
to concentrate on fine positioning and loading. This is a common
feature of order-pickers where small quantities of goods are required

to be collected from a pallet load or storage bin.

2.1.2 In-floor Towlines (2,3).

Towline systems are used as a cost effective alternative to conveyor
belts or manually driven pallet trucks where there is a high throughput
of goods over large distances - between short-term stores on assembly
lines and in parts depots for instance. Operation of these systems
requires a slot to be cut in the floor to carry the towing chain. Tugs
are then hooked onto this chain to be moved along the route, and
automatically decoupled at work-stations and stores. In complex systems
with several vehicles, the route is divided into zones monitored by
stationary controllers. These are distributed around the route and can.
stop the tow-line in their particular zones to prevent congestion and

collisions. The major drawback of this form of automatic load transport

-6 -




is the disruption of the floor wh he use of manual

in the same area, and renders alterations in layout impractical

2.1.3 Route-guided Vehicles (1).

These are the most popular and widespread AGV's and find applications
ranging from multi-truck installations in automated. warehouses (4)
down to a single tug shuttling between a parts store and a machine shop

in a small &ompany.

In the majority of systems, the guide is a current carrying conductor
producing a local magnetic signal which is received by sensors on the
vehicle. This signal gives position information relative to the wire
which is used to control vehicle steering. Some environments prohibit
the use of a wire guide, and other methods such as white tape agnd
optical sensors have been employed, but the same control systems and

basic operating features can be realized-in all cases.
Methods of control and load handling capabilities vary_widély
according to application. Appendix A contains a review of current

commercial wire-guidance systems and assoclated companies. .

2.2 Current Mobile Robot Projects - A Sample.

The industrial world has become used to wire-guided:®vehicles and is
happily operating with them, although drawbacks and limitations have
been expressed in many quarters. Several projects exist to develop
additional sensors and increase flexibility, but to date, it has been
left to the academic world to advance the AGV, release it from its
guide-route and aim for a truly mobile robot. Contemporary work includes
three major projects - two based in France and one in England - which

are here described in turn and summarised for commercial applicability.

-7 -



2.2.1 The HILARE Mobile Robot (5,

sensors to help a mobile machine navigate thrqugh its‘éﬁ%ifdﬂﬁé
type of sensor was used for a specific control function and'ﬁasks Were
expressed in terms of these functions such that the sensors were used
efficiently: cameras were not used for folloWing a wall at a fixed

distance when ultrasonic sensors could be used with much simpler data

@

processing.

The vehicle was purpose-built to carry the requisite equipment and
consisted of a triangular chassis with two rear drive wheels and a

front castor. Two microprocessor controlled stepping motors provided
traction control. Sensors comprised a video camera and laser range-
finder to give a 3-D image of the environment for navigation, ultrasonic
sensors for close range navigation and safety, and infra-red beacon .
triangulation for absolute position determination. On-board intelligence
consisted of two microprocessors - one for the drive system and one for
processing of sensor data - and a minicomputer for complex data
processing, low-level navigation decisions and external commuﬁications.
In addition a link was provided to an IBM 370/168 for use during learn-

ing phases and for complex decisions.

The camera image was contrast thresholded to pick out homogeneous areas
such as doors, walls and cupboards. No attempt was made to identify
these features, rather they represented possible obstacles or passages.
Their position within the image was determined and a set of points
within each area was decided upon for range measurement to give the
naﬁigation function sufficient information to decide on the next move.
A laser range-finder was mounted with its optic axis coincident with
that of the camera and its direction varied by stepping motor driven

-8 -



mirrors under control of the ig

each of the specified image points in so building up

3~D model of the field of wview. A few points would,suﬁf'

an obstacle, or many points used. to measure the width of a door.

Ultrasonic data was derived from ten emitter/receivers under micro-
processor control mounted around the periphery of: the.vehicle giving
a range of a few centimetres to 1.5m and resolution of 0.02cm. This
data had two uses: collision avoildance by stopping the robot as soon
as any obstacle was detected within some threshold distance; and close

RIES

range navigation for tracking at a specified distance from a wall or

surface.

¥inally, the robot could determine its co-ordinate position within its
operating environment by triangulation. Two infra—red emitter/receivers
were mounted on a revolving base and scanned round. Three retro-
reflectors with special patterns for identification were placed round
the boundaries of the test room and the robot measured the receiver
angles at which reflected beams were detected, from which it could

calculate its position.

In early 1971, a oprogress report (7) stated that simulation of the data

nrocessing techniques for segmentation of the video image was complete

0
3
¥

the next step was to imolement it in high-speed logic. The strategy

or using the range-finder was under investigation, the ultrasonic

s

sensors were working reliably and wall tracking had been demonstrated



and navigation of ‘a mobile vehicle. The object waS'tO:bdl\ﬂf
system operating under microprocessor control via ccmpaCt;~fast‘«

software, with automation of industrial conveyor trucks in mind.

The robot consisted of a circular base, 0.6m in diameter, mounted on
two independently driven wheels and two castors, and carrying
batteries, all the microprocessor and interfacing electronics, and the
sensors. A simple robot arm was mounted on top, at a height of 1l.lm
above ground. Control was achieved with four microprocessors: a central
processor and three dedicated units for motor control, arm control and
ultrasonic sensor operation. This enabled the vehicle to perform two

basic functions of motion and arm manipulation.

Vehicle motion was broken down into three distinct phases of Speed,
Rotation and Translation, and any desired movement achieved by
successive combination of these phases. In Speed mode, the vehicle
moved in a straight line at constant speed by implementing‘identical
speed control loops with each of the two drive motors, using the same
speed reference input for each loop. Rotation involved turning the
vehicle on its axis through a set angle by driving the two wheels in
opposite directions for a set distance under position control loops.
Finally, Translation used the position loops with jdentical reference
inputs to move the vehicle in a straight line for a given distance, In

both cases, position was measured by odometry using a shaft encoder.

The robot arm could only be moved when the vehicle was stationary and
was used as a tactile sensor to test for obstacles ahead of the vehicle.
If the arm collided with an object, the arm extension was recorded, and

- 10 -




the arm retracted. If there was no

information of obstacles and allow the vehicle to stop or take evasive
action. Obviously, the arm had a limited area of view, so a fender was
provided around the vehicle base to give a stop alarm in the event of

a collision.

A single ultrasonic sensor was provided at a later date, again aimed at
the simplest system both in terms of hardware and software. However,

it did include a self adapting system for dealing with the large
variations in range encountered, and a self-correcting system to cope
with variation in errors over this range. Problems with multidependence
of the reflected beam on surface texture and angle of reflection, and
blind spots in the image due to the transmitter/receiver manufacture,
led the research team to consider using additional sensors rather than

design more complex software to interpret these signals.

System control, implemented through the central processor, was a simple
interrupt structure, with each sensor having a priority ranking.
Communications to other processors was via set commands and could only
occur vhen the vehicle was stationary and therefore not receiving any
interruots from its sensors. This proviso meant that commands had to be
sequential and the current task completed before the next command could

be given.

Tuture investigations appear to be absolute position determination via

odometry or optical triangulation from beacons.



2.2.3 tarwick University Project

A Torklift truck manufacturer has sponsor his project with the

of developing an automated forklift truck. Work to date‘basJﬁeégl

a prototype free-roving vehicle and i; is hoped to apply this,ekpeiiénéé H’\

directly to a forklift truck in the next two years.

The commercial links are apparent in that the prototype is a three-
wheeled industrial electric tow-truck which has been converted from
manually driven to automatic operation. The major objective was to
produce a navigation system that wasiindependent of the environment

so the vehicle could be truly free-roving, and this has resulted in
considerable on-board intelligence being employed in the form of a
minicomputer complete with flonpy disc for storage. Odometry and sonar
are currently the sole inputs to the navigation system and are used in
conjunction with a software map stored on the vehicle, to give position
at any instant. From the map and knowledge of its position, the
navigator works cut a strategy to reach its goal location, and
implements it through computer control of steering (via a motor

attached to the steering column) and the drive motor.

Position information is mainly derived from logging the number of drive
wheel revolutions and the steering inputs, but this is subJect to
accurulative errors due to wheel slin and measurement errors. Dight
ultrasonic transmitter/receivers are therefore di;tributed around the
venicle nerivhery to build up an image of the surrounding obstacles

and measure their distance. This information coupled with the rough
odometric mosition measure and the map, gives an accurate position fix

s

which is then used to correct the odometer and update the map.

Unexnected obstacles can also be identified and evasive action can be

A7

the event of a near-collision. If a collision cannot be
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avoided, compreséibleftaétiléﬁbumpeps

pefore the main body of the truck comes into contact with the obstacle.

Problems with sonar guidance, such as interference from stray echéeS‘;~
has led to the addition of a camera to monitor objects moving across
the field of view as the vehicle proceeds along its route. This is in
its early stages, and processing is being simulated on a mainframe
computer, although it is hoped to implement it on-board in another
minicomputer. External communications is also at a primary level with

a V.D.U. and keyboard currently placed on the truck.
To bring the prototype to a production stage, it is proposed to
implement all the software in dedicated microprocessors controlling

specific vehicle functions.

2.2.4 Conclusions.

In their present states, the two French projects bear little
resemblance to a practical industrial truck, and even though Warwick's
prototype is based on a commercial vehicle, its function as a load
transporter is limited to its towing capability since its own pallet "
platform is fully loaded with computer and peripherals. (There is also
no indication that the navigation system could cope with towing
trailers). From these three projects, there is therefore no directly

usable system for the Cableform goal.

The concepts are, however, applicable and it is instructive to see how
features of the final designs have developed as a direct consequence
of those concepts. The first two projects discussed here had a common
interest in simplicity in control and data processing which has led to
the use of combinations of sensors or the dedication of a particular

- 13 -




sensor to a particular control fun

in very specialized design of the vehiolésfsuéh,th@t %heirgon1Y7>” -

function is self navigation and considerable re—designywoqlddb
required to develop them into an industrial vehicle. Warwick's approach
was fired by the desire for a free-roving, environment independent
vehicle and resulted in very few sensors and very complex data
processing requiring massive on-board intelligence. This has again-led
to a vehicl® which is capable of finding its own route, but at present

has no other abilities, and is also very costly.

These two approaches suggest a middle road based on an industrial

vehicle with the capabilities of the final objective, and employing the
minimum system approach, but with constant consideration of the goal to
avoid the introduction of specialities which must later be re-designed

as the project advances.

2.3 Sensors.

The purpose of sensors on an AGV is to gather requisite information to
enable the various control systems to function correctly. This -
information may be about the vehicle itself, for instance motor current
and speed, or about the environment - ambient temperature, distance and
shape of a specified object, relative position of a light source. Since
this work is concerned with positioning an AGV, a general review of
sensors presently used on robots (both mobile and 'static) follows,
together with a more detailed look at the transducers and data
processing techniques which could be usefully employed in a positioning

system,

- 14 -




2.%3.1 A General Look at Robot Sense
Robot sensors are basically employed to identify objects and to measure

quantities - usually distance. This information is generaliy use

passively, for example in quality control monitoring, or actively’such
as for safety, positioning or navigation. Some sensors can be used for
more than one function and often only part of the sensor capability is
utilized, therefore there is usually a choice between sensors for any
application. Various classifications exist (13) and these are

summarlised in table 2.1.

Commonly used sensors can be divided into optical, acoustic, tactile
and magnetic. The optical category encompasses the greatest range -
both in terms of variety of transducer and function - and includes
passive photocells, infra-red emitters and detectors, self-scanned
vhotodiode arrays, vidicon cameras and lasers. Typical applications
are: detection of light beacons for positioning with photocells; optical
triangulation and vposition sensing from markers using I-R transceivers
and retro-reflectors; high resolution range-finding or bar-code reading
with lasers. Solid-state and video cameras are the most versatile,‘and
also present the most comnlex data processing problems, but can be\used
for target recognition, measurement of object dimensions and determin-

ation of wosition and orientation (uzually of small objects nearby).

Acoustic sensors are usually ultrasonic transmitter/receivers, used for
range-finding or sonar imaging and for communications links. Tactile
implies contact and any such sensors employea for measurement are
reserved for robot arms to 'feel' their way towards a workpiece or
measure its dimensions and orientation once picked up. Proximity sensing
is an imvortant function of tactile transducers and these are found on
211 industrial ACV's in the form of comvpressible bumpers which stop the
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vehicle when contact is made with thgsgpréyénting€’;f5;g;

catastrophic.collisions. Finally,,magnéﬁiCKSensorsw&p—,@xt@nsiveiy3 1

used on commercial AGV's where a current-carrying guide-wire is
down from which the vehicle derives position’informationwby;measuriﬁé
the strength of the sensed magnetic field (14,15). Stopping points
have also been identified magnetically with solenoids. or fixed:
magnetic studs (16) or by using separate guide-conductors for each
location. In the latter case, all the conductors are energised by the
same frequency current signal, but each has a pre-—determined phase
relationship with neighbouring conductors, so producing a 'homing'

path (17).

Ultrasonic and magnetic sensors have been used in many applications
and their success and shortcomings are well documented: the former

are plagued by multiple reflections, effects of surface texture on
reflected beam strength, and poor resolution due to the 1a;gefangle of
acceptance of the receivers (7,10,11). The major factor against using
magnetic sensors for position information is the necessity to alter
the environment to provide the sensed signal, and the problem of
ensuring that all routes are free from extraneous conductors such as
metal plates. The brightest field for providing accurate position data
with 1ittle or no change to the environment, is optical sensors and

'computer vision'.

2.3.2 Visual Sensors and Image Processing.

Video and solid-state cameras offer very fast aquisition of data with
control over resolution and field of view simply through choice of
lenses. Processing of the vast quantities of data in a camera image 1s
an enormous topic, but much of the established work is concerned with
reducing image degradation during sampling, and image enhancement to
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aid photointerpreters (18). Image proc v robots - specifically
mobile machines - is still in its infancy as the problems here are not

how to exactly reconstruct an image from the video signal, but how

extract the required data (usually a very small proportion of that
available) in a realistic time interval, using minimum data storage
and processing power. The minimum system arises from constraints of
cost and physical size of the sensor. 'Realistic' times depend on the
application, but for visual servoing of robot arms, a maximum of

0.1 sec. has been suggested (19). (Vehicles will be expected to move

at faster speeds and will therefore make greater demands on the system).

Most of the published work on vision systems for automation is
concerned with providing sight for assembly robots, especially for
checking or picking parts from a conveyor. Here, the general approach
has been to severely constrain the environment to simplify processing.
The most common constraint is to use strong illumination or back-
lighting to give high contrast so that simple thresholding will yield
a binary image (only two colours - black and white) (20,21). Others
include limiting the image content to just the part in question on:a
plain background and ensuring that all parts are correctly orientated
before inspection by the robot (21). The National Bureau of Standards
claim to be the first to use a 'structured’ light source to highlight
range information (19). A plane of light is reflected as a bright line
by the object viewed and the height of this line in the camera image is
proportional to the object's distance from the robot. Surface
projections on the object cause the line to be segmented in a pre-
determined way, so the shape can also be detected. A similar method

has recently been used at Oxford University to aid welding robots(22).
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mobile vehicles, the environment is more varied and more costly to

constrain. Sensors must therefore be more complex, and %S»int%lil er
increases, costs rise and processing times lengthen. Fourier t?ansforms
have been used to characterize target patterns as a data compression
technique, with limited success (23), and another unusual approach
advocates basing the design of optical transducers on the human eye

which exhibits some advantageous pre-processing properties (24).

Early interest in pattern recognition techniques for mobile robots
(21,25,26) has waned due to slow speeds and inflexibility - the sensor
can only recognize objects that it holds in its image store - and
current research is tending towards simply detecting the presence of
objects (6) and tracking their motion relative to the machine (11,27).
There is also a move away from pure software processing necessitating
minicomputers and mainframes, towards composite systems using fast
parallel pre-processing by hardware interfaced between transducer and
computer (28,29), or hardware implementation of the algorithms by

custom logic arrays.

A report of a recent symposium on industrial robots (30) notes the
lack of progress in commercial applications of cameras for robots
(specifically static ones) and suggests that solid state cameras are
too expensive and delicate for factory work. (This may be exemplified
on mobile industrial vehicles). The alternative was seen as simpler
vision systems based on discrete photodetectors and/or structured
$1lumination. Mitsubishi Electric's welding aid (30) and Skinko

Engineering's parts inspection unit (31) are examples of this approach.
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Although computer vision has been heralded as a cure-all for current

inadequacies in automation, it too has had its problems and AGV's

remain blind. If visual sensors are to be used as a positioniﬁé éi
several basic problems must be overcome: efficient filtering is
required to eradicate unneccesary data (uneven illumination must be
avoided or catered for as it is a source of noise in edge detection
algorithms and areas of shadow may be interpreted as surfaces or
obstacles). Ambient lighting is a problem even with a controlled
illumination source since stray light can saturate the photodetectors.
On a commercilal note, the major limitations are cost and speed of

operation.

2.4 Control Strategies For Mobile Robots.

A wide variety of mobile robots exist, ranging from remote controlled
inspection vehicles operating in hazardous environments, to the famous
Stanford Research Institute robot (26) which was completely free-roving
in an unknown (but limited) environment. Although control system
complexities vary enormously, similarities exist in implementation

both in task delegation and co-ordination within sub-systems, and in

realization in computer software and hardware.

larcombe (27) has devised a useful classification of mobile robot

control and this can also be a»nlied to the constituent sub-systems.

C

sts the classification and figure 2.1 describes a
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Once the system structure has been decided, nrocessor hardware can be
assigned. Crenshaw (32) gives three computer implementations of
miltinle systems: Federated systems comprise several computers, each

dedic
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ted to a snecilic tasii and communicating with each other through
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input/output devices. This allowsfféd” : SySﬁéms;teﬂbeminCiude@ a$ﬂ¢

a back-up in the event of processor failure. Each computer has its own

executive program and job queue. An Integrated system is one in whic
unrelated tasks are performed by separate programs running on one or
more processors sharing common memory. There is only one executive
program and one Jjob queue. Finally, several programs can be run
simultaneously on one computer by interleaving their execution. This
is called a Multiprogrammed System and is implemented by timed or
externally controlled interrupts. The choice of system depends upon

the particular problem and requirements.

In general, developers of mobile automatic vehicles have used federated
systems (5,8) based on microprocessors for compactness, flexibility and
cost considerations. The capabilities of such systems can match that of
a minicomputer as illustrated at the Swiss Federal Institute of
Technology where ten Z-80 microprocessors are employed: to control:the
ten articulations of two robot arms in an automated assembly system.:
An eleventh processor is used as a task supervisor, sensor controller,

and to communicate with the operator's console (33).

2.5 Vehicle Positioning Systems.

Sections 2.3 and 2.4 have illustrated the diversity of methods
available for implementing a position control system on a vehicle. This
section presents a resumé of systems designed to aid vehicle navigation

and positioning specifically for industrial AGV's.

Commercial automatic vehicles are generally either wire-guided or run
on rails on the floor and/or overhead. In the latter case, there is no
navigation function and in the former, this is achieved via magnetic

sensors as previously described in section 2.3.1. Fine positioning is
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achieved in a number of ways: physical buffé%é which theuvéhECIéﬁééﬁééé,
with its safety fenders; magnetic siudé fikéd-at ﬁhe workstation'(léQ;
retroreflectors fixed to stopping points and detected by a light”éQUECe 
and photodetector on the vehicle (34); ultrasonic transmitter/receivers
detecting the presence or absence of loads on pallet stacks (35).

These are all simple markers which do not convey any information about
absolute position. A coarse measure of distance travelled along the
guide-route "is generally made by counting wheel revolutions and this
data is corrected as the markers are sensed. Absolute position

detection has been employed by EMI through a system of unique guide
conductors (17) and by Dexion Ltd. who exhibited a location marker
system at a recent exhibition(36). This was for an automatic rail guided
narrow-aisle side-loading vehicle: the markers consisted of combinations
of retro-reflective strips on a non-reflective background arranged to
form binary numbers when read vertically by an infra-red transmitter/
receiver array on the vehicle. They were mounted on the uprights-of the
racking and were used to mark every horizontal location at ground level.

Sensor to marker distance was a few centimetres.

Projects in the literature include a laser-based triangulation system
for a wire-guided vehicle with raisable platform to enable it to leave
the wire and guide itself to loads placed on special stands (37).
Previously, spurs of the guide-wire had been used to guide the vehicle
up to the stand, which required the loads to be accurately positioned
to facilitate correct removal. The system developed entailed three
reflective strips attached to each load which were scanned by laser
beam and detected by a scanning photodetector. The angles at which the
three reflections were received were then used to calculate the range
and direction of the load. This gave acceptable guidance over distances
up to eight metres.
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Another method using markers héézﬁééf ,m91:Yédiby<Nakamura andxFukui
(32) to supplement odometric measurements fér4navigai10nm The markers
consisted of illuminated slits arranged in doublets and tripletsw%bu
form a code word, and were viewed by a camera on the wvehicle. The
special marker format facilitated fast image processing and
recognition, and triangulation methods gave positional accuracies of

+ . . . : .
-5mm, but required many markers. Problems were encountered with

focussing when trying to cope with range variations over eight metres.

The darwick nroject covered in section 2.2.3 is attempting to overcome

the need Tor markers and guides by using ultrasonics and vision combined
[&] o

X

with an on-board man for navigation and position. Norton-Wayne of City
University also recognizes the need for trackless systems and has
developed an algorithm for detecting road boundaries using camera images
(39). The chosen application is automatic navigation for cars in streets
and the process has been simulated on a PDP 11-10 computer by using
photographs ‘as the sensor input. This is not therefore, real-time
processing and not directly applicable toAmobile robots, but the results
are promising and illustrate the ultimate approach - tailor the

processing techniques to cater for the environment and not vice versa.
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3.1 Introduction,

A vposition system for an automatic vehicle cannot be designed and
implemented in total isolation from the other control system§_on‘£hé\
vehicle. It is necessary to know the capabilities of the vehicle to
determine what form the control should take; resolution and accuracy
of sensors; type of sensors, and to specify an interface with other

operations.

At the outset of this investigation, Cableform Ltd. had no practical
knowledge of automatic vehicles or control systems, so there was a
seemingly free choice for the implementation of each system. However
since they all had to be brought together to operate the one vehicle,
great care had to be taken to ensure that a decision taken on one
system was viewed in the light of its effect on all the others. To this
end the author and the other members of the Research team investigated
the conceot of an AGV and broke it down into a set of basic control
functions and their interfaces. These functions were then delegated to
individual members of the team for development and a programme of
prototypes was devised to lay down the course of research for each
function and bring them together at each major stage to operate a

demonstration vehicle system.
This chaopter describes this investigation and sets out the develouvment
programme. 1t then goes on to outline the areas of the programme that

were the res»onsibility of the author and the concern of this thesis.

3.2 The goal - the intellingent AGV.

The company's aim was to produce a machine which could be given hig
level fetch and carry instructions and be left to its task without

further external inputs. An example of such an instruction would be

- 27 =



"load A at B and take to C", and the eslre&/responsé WouId be for the’
vehicle to find a quick, safe route to location B; stop to pick up load

A: then continue to location C where it would stop, sigﬁéi&thé‘w

successful completion of the task and await further instructions.

3.3 Fundamental Functions of an AGV.

"Load A at B" implies motion of the vehicle from its present location
to point B and hence finding a suitable route between the two. The
vehicle must therefore know where it is and the relative position of B.
However, unless the operating environment is an empty space, there will
be areas which the vehicle may not or cannot physically occupy, so it
does not have a free choice of route. It therefore requires information
from the environment to enable it to keep within the route areas and
identify task locations, but does not necessarily require the absolute

position of every point it passes through.

Once the vehicle reaches B, it must stop to pick up load A. The load
manoeuvre is devendent on the vehicle being stationary at B, so not
only must it recognize the location, it must have advanced warning of
approaching B so that it can slow down and stop as required. Once there,

the load mechanism must be aware of the relative position of A so that

(@]

the load transier can be acconplished.

The second mnart of Lhe instruction: "take to " implies that the
vehicle move off once loaded, nence it must be aware that the loading
operation has been cempleted. This is an internal position measurement
of the load on the vehicle. 3topping at C implies a similar set of
operations as for finding B, and then the vehicle must be capable of
communicating completion of the task to its external control system -

be it man or a computer - and recciving instructions for the next tasi.
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It must also remain where it is until‘tbe/next‘instruction,is given.

From the above discussion of a typical instruction, several requisifé
features begin to appear. For example, the vehicle must be able to
control its own motion and the operation of its loading mechanism.
Information must be collected from the environment to monitor progress
in a task and to determine the actions to be taken. The vehicle must

be aware of what areas it may enter and be able to identify them.

A more comprehensive breakdown of the sample task will highlight these
features more clearly and also give an idea of the degree of
interpretation required of the vehicle to translate the high level
instruction into low level control signals to the various actuators

available to it (such as the drive motor).

Assuming 1 is the highest level of instruction, this breakdown might
be as in figure 3.1: the second level is an itinerary of tasks in
chronological order and level three divides the tasks into different

actions such as moving the vehicle and sensing the environment.

From this treatment, six fundamental functions can be identified:

Traction -~ control of sneed and acceleration of the vehicle.

Fin
—
-

Houte Following - vnowledge of available routes; detection of

their position on the ground, and control of

the vehicle steering.
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Position Detection -~ recognition;éf,vicigiinOi;task'locaiions and

measurement of vehicle distance from desired

stopping points.

Load Handling - detection of position and nature of load, and
control of speed and acceleration of load

mechanism.

Communications -~ ability to receive task instructions from an
external source and to transmit status

information and requests for further instructions.

Executive - interpretation of external commands into
sub~tasks allocated to specific functions and
the co-ordination of these functions to achieve

the desired action.

The above sub-divisions formed the basis of the allocation of projects
to members of the research team involved in AGV development. The author

vwas given sole responsibility for Position Detection and Traction.

3.4 The Uevelopment Programme.

“he develorment programme in Tigure 3.2 was devised to provide a series
of stepping stones from the fundamental principles outlined in section
3.2 to the end goal. Ibach stage was designed to develop from the
previous one either by additional hardware as control problems were

solved, or improving the vehicle's capabilities by consolidating data

processing knowledge and adding more complex sensors.
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Also, the company required a prototype/syé£em/to illustrate the
feasibility of the project and for use in demonstrations to attract
funding and potential custom. This meant that each stage had to have
product potential and show a significant increase in sophistication
from the previous one. The complete programme had a ten year time-
scale, and the first three years covering the design of the programme

and develovment up to prototype 1 are encompassed by this thesis.

3.5 The First Prototype System.

3.5.1 The Vehicle.

In April 1980, the company purchased a prototype Llectrul: tow-tractor
from A.¥.D. (figure 3.3) to act as a testing ground for the initial
stages of the various systems being developed. The company's original
idea was to produce a package which would convert a manually operated
vehicle into an automatic one, so a typical commercial truck was chosen
for adaptation rather than a specially designed chassis, to gain
experience in the problems of “real” vehicles and also the connotations

£

of retro-fitting.

The tug had a nominal payload of 1,000kg and a carry and tow capacity
of 2,000z on the level. Two CAV O.41kY motors with reduction

gearboxes and chains to the rear wheels formed the drive-train anc

v

overated from a 24V battery supnly. An Ackermann steering arrangement

was

i~y

o the front wheels.

&

itted

[
®
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3.5.2 Functions.

The review of work in the field of autonomous mobile machines and
commercial AGVs suggested that the quickest way to achieve a working
system was to lay down a physical route and detect this with an |
on-board sensor whose output would be used to steer the vehicle. Thié
immediately provided localized position measurement and control in a
direction transverse to the guide-path, and since this was dealt with
by the Route Following function, the Position function was left with
the much reduced problem of providing position measurement along the

route only.

A current carrying conductor was chosen for the gulde-route as commonly
found in commercial AGVs, with steering control acting purely on the
Ackermann system. Independent drive of the rear wheels was not
required, so the two traction motors were driven in parallel from one

control system.

The problems of load handling control were envisaged as being
fundamentally similar to vehicle control and would therefore benefit
from being tackled after the initial vehicle problems had been solved

to save duplicating work. For the first prototype, loading vwas therefore
included wvrimarily for demonstration purposes and consisted of a short
roller conveyor on the vehicle which could be activated on arrival at

a location and transier unit loads between fixed conveyors at wori-
stations. This involved some structural alteration to the tug, but left

the basic chassis unchanged (figure 3.4).

3.5.3 Implementation.

Figure 3.5 shows a block diagram of the first prototype with the

information flow between the various functions. Six microprocessors
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were used, one assigned to each function, so that as far as possible,

members of the research team could develop their respective systems
without hindrance from others. With reference to figure 3.5, the

duties of each processor are as follows: Vehicle executive co-ordinates
the sub-~system processors and translates high-level task commands into
low-level function specific commands. These tasks were to be input
externally, but were initially programmed in PROM for tests whilst

the communications hardware was being developed. Inter-processor
communications were only allowed from sub-system to executive and
vice-versa (except from Position to Traction during fine positioning

of the vehicle at a task location).

Steering implements a closed-loop control system and operates
autonomously, simply keeving Vehicle Executive informed of its current
status. In the event of a status change - for example losing the signal
from the guide-wire - Steering informs the Executive and the latter
instructs the sub-systems as to the required action - in this case to

stop the vehicle.

The Traction processor is responsible for controlling vehicle speed as
demanded by Executive in normal overation or by Position during a stop

manoeuvre. There 1s no return flow of information.

Pesition deals with both target recognition and relative position
measuremnent as instructed by the Lxecutive. In the former case, the
desired destination is given by kxecutive sc that Position can monitor

or this location and enter the relative mode at the required time

)

without further instruction. Information given to the Executive consists
of the last location or landmark recognized and the current mode of

operation. In relative mode Position takes external control of the
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Traction processor so that it can implement a position control system

in the region of a stopping point.

Load handling in this initial stage is basically an on/off plus
direction control of the conveyor drive motor. These instructions are
handed over from Executive once the vehicle is positioned. Return data

is simply a task completed signal.
The Communications processor deals with the transmission and reception
of external commands and transfers these commands directly from and to

Vehicle Executive without any further interpretation.

3.6 The Position Sub-Project.

As stated in section 3.3, the author's work involved the design of the
Position and Tractlon functions, to facilitate vehicle navigation and
positioning. To recap, the Position Detection function is responsible
for recognizing task locations as they are approached and measuring
vehicle distance from stopping points within a very local area. The
specification for this project was therefore to develop a method of
uniquely identifying task locations and stopping points together with
a means of sensing and recognizing such identifiers. In addition, high
resolution measurement of distance was required in certain specified
regions. A traction control system was required with a means of
deriving inwut data from the position detection unit to enable the

vehicle to carry out its tasks.

The decision to equin the first prototype with a wire guidance system
reduced the nosition control part of the function to one dimension
only - along the wire, and this implementation will now be described

in more detail together wilh its interface with the other projects of
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the AGV programme.

3.7 The Longitudinal Vehicle Position System.

3.7.1 Sensor.

The original aim was to derive information directly from the working
environment without any introduced landmarks or guide-posts. In the
goal system, this information would be used both for guidance and
fine-positioning of the vehicle. However, work in this field is still
at a very fundamental level and the associated processing times are
already too lengthy to be viable on a commercial vehicle. The twofold
nature of the project (measurement and control) and the need for a
working AGV in the short-term meant that the sensor could not be
developed in isolation from the control problems, so the basic concepts
of the goal vehicle's sensors were outlined and a simplified version

designed and implemented on the first prototype.

Finding a route through a store or assembly line and avoiding

P oor greater, requires a vast amount of

obstructions at speeds of Ims”
data from the area round the vehicle in the direction of travel and for
some cCistance ahead. For sheer gquantity, data rate and resolution, an
ontical sensor based on a television camera is the obvious choice with
nerhaps some ultrasonic or laser range-finding device to recover a 3-D
image. Jfith this in mind, it was decided that the Jongitudinal position
sensor should be optical and should incorporate the rudimentary features
of samnling and processing to be found in a camera. It was also
appreciated that a major problem with computer vision is the very
guantity of data in one image so the system was designed to operate at
minimum data rates and involve the minimum of signal processing required
to achieve a reliable and adequate output for controlling the vehicle.
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A system of markers was used to identify taék loéations as this
considerably accelerated the realization of a working prototype. The
sensor was then used to recognize these markers and read the
information encoded on them. Control of the transducer was by a
microprocessor which also performed all the signal processing and

interfacing. A diagram of the sensor architecture is shown in figure

3.6.

3.7.2 Control.

For demonstrations, a one-way system was operated, so the navigation
control consisted of taking the decision at each location marker of

whether to continue along the wire, change guide-wires, or stop. This

decision was based on information from the position sensor and the task
commands, and was taken in the Executive, which then took action
through Traction, Position and Route Following. Vehicle position was
controlled as follows: the Traction processor received a numerical
input which it converted into a pulse-width modulated signal for
controlling current flow through the motors via transistor switches.

Vehicle Executive normally provided the input according to the task,

but during fine positioning at a stopping point, Position used its

sensor information to produce the Traction demand. The initial system

used simple speed control with set speeds specified for different
tasks. Figure 3.7 shows the author's area of responsibility and the

interface with other vehicle systems.
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3.9 Summary.

The vhilosophy of approach to AGV research at Cableform:Ltd. has been
evolved from consideration of the final goal and expressed in terms of
a Development Programme. The first prototype has been outlined in
general and against this background, the author's areas of prime
research have been described. The design and development of this
particular sub-project is considered in detail in the following

chapters.
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Chapter 4

THE MARKER SYSTEM
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e e . . )
‘he role of the position sensor was to recognize task locations ‘and

stonping noints. In the latter case, the sensor also had to provide a
measurement of vehicle distance from the desired stopping point. The
Development Programme specified the first prototype to have an optical
sensor with a camera-like image format, which was to gather its
information from markers placed in the-environment. This chapter
describes how sensor constraints and the required information content
influenced marker design and how the marker system was used in the

executlion of vehlcle tasks.

4,1 Sensor Considerations.

The sensor consisted of a two-dimensional array of photodetectors
viewing an area in a onlane vparallel to one side of the vehicle, which
was illuminated with infra-red radiation from an on-board source.
Processing of the sensor image was to be simplified by contrast
thresholding to produce a binary picture, hence the markers were

abricated from elements that were either infra-red absorbing

Hh

Py

hereafter termed black for convenience), or infra-red scattering

(white) to give high contrast for the thresholding process.

4.2 Information Content.

“he demonstration environment for the nrototype consisted of a single
wire loon and two workstations, each having a unique number for
icentification. As discussed in section 3.3, this number marker had to

be read by the vehicle before reaching the desired stopping point to

21low time to slow down. A second marker was therefore used to identify

vehicle, this marker incorporated a scale of distance either side of
ihe reference which was to be used as the input to the position control

system.

[
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Two distinct types of marker were therefore used: one identified

the location (location marker), requiring a unique marker for each
workstation, and the other marked the point at which the vehicle must
stop (stop marker). The latter carried the same information regardless
of location, so the same stop marker was used at each workstation. The
problem was how to encode location data and distance scales in the
same format so that both types of marker could be read efficiently by

one sensor.

4.3 Data Presentation.

The first consideration was the necessity for the sensor to be able to
read the stop marker when the vehicle was nearly stationary. Mechanical
scanning of the sensor was avoided due to cost and the harsh
environment associated with industrial trucks. This meant that each
detector in the sensor should view an area no larger than one marker

element.

To exploit the fastest instructions of the Z-20 microprocessor, an
eight-bit representation of the marker image was desirable. Location
markers could be easily accommodated within this format since the
Prototype system only needed a few locations for demonstration
purposes. At first sight however, the limitation appeared too severe
for encoding distance scales. Image processing techniques suggested
using the edge between a black and a white area within the marker to
renresent the position at which the vehicle must stop. Unce the sensor
had a stop marker in view, the position of this edge within its image
could be measured relative to say, the middle of the nicture, so giving
a measure of vehicle position error. This approach required a two-
dimensional image, and a 2 x 4 element format was investigated which

{

gave the widest marker and hence greatest measure of position offset
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using eight bits.

Stop and location markers had to be easily distinguishable since they
required different data processing algorithms to retrieve the data.
This was achieved by reserving two elements at either end of the marker
for a special identifying pattern, which also helped to break up the
image and distinguish it from natural features. Examples of patterns
that could be expected to occur in the environment are given in figure
4.2, and figure 4.3 shows the two marker formats chosen. The last
constraint was that each partial view of the stop marker (as seen when
the vehicle was approaching its final position) was unique and could
not be misinterpreted as a location marker. This was achieved by
extending the stop marker as in figure 4.4, which also shows how the
various views are related to vehicle position error, thus providing

the distance scales.

4. 4 Implementation.

The most readily available material with the required infra-red
scattering properties proved to be matt black card and coarse~gralned
white paper. Lach element was 20mm wide by 40mm high, making the markers
80mm square in total. The vertical elongation was designed to allow for
slight variations in sensor height relative to the markers due to
vehicle loading: the two rows of nhotodetectors in the sensor are

separated by a gap and view two horizontal strips of the marker. Figure

<

s, 5 shows the imaged area ior correct height alignment and illustrates

how small variations in height do not affect the image content.

In the test environment, location markers were used for workstations
and also as landmarks along the guide route. Stop markers were nlaced

in conjunction with location markers at workstations and used by the
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vehicle in executing tasks as follows: on reception of a command to
stop at location 3, the vehicle proceeded along the guide-wire (traffic
was only permitted in one direction), looking for location markers.
Yhen location 3 was recognized, the sensor was instructed to look for
a stop marker and the vehicle slowed to creep speed. As the stop marker
came into view, further slowing was instigated and the vehicle was
brought to a halt when the positioning edge was central in the sensor

image.

Only four location markers were required, thus two of the possible
four bits of location information sufficed. Data verification was
achieved by repeating the vattern of the top row in inverted iorm on
the lower row. This was the simplest method in this case since parity
bits or checksums would entail more lengthy processing. The complete
set of markers as shown in figure 4.6 fulfilled all requirements
outlined in section 4.3 and enabled an image representation of only
eights bits to be employed in the sensor. Plate I illustrates the

markers in use.
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Chapter 5

THE POSITION SENSOR




The fundamental features of the sensor are illustrated in figure 5.1.
An array of photodiodes is mounted behind a lens and receives a
focussed image of an area 80 mm square, in a plane 300 mm in front of
the lens, this area being illuminated by a light source situated next
to the detector lens. In operation, markers appear to move across the
image plane in focus, as the vehicle travels past them. The photodiode
outputs are monitored continually for allowed patterns and in the event
of recognition, the corresponding marker identity is output and

maintained until another marker is recognized.

Initial sensor design fell into two areas: the transducer - involving
method of detection, optical arrangement and illumination - and data
processing - involving signal filtering and pattern recognition. The
concepts leading to this design are discussed in sections 5.1 and 5.2,

followed by a detailed description of the final implementation.

5.1 The Transducer.

5.1.1 Detection.

For an optical sensor giving a two-dimensional picture there is a basic
choice between discrete photodiodes and either vidicon or solid~state
cameras. Vidicons were considered too fragile for industrial truck
applications and both types of camera provided far higher resolution
than required, at very fast data rates. Solid-state cameras use photo-
diode arrays whose elements are typically 0.5 mm wyide on 1 mm centres,
thus low magnification lenses can be used. However, one is bound by

the standard geometries and array sizes and two-dimensional arrays are
particularly costly. Discrete devices provide flexibility in choice of
resolution and image shape, but require care in building up arrays to

ensure correct alignment.
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The aim of the sensor was to find the minimum data processing
requirements for the task, and since a marker system had been

developed using only eight bits of information, discrete devices were

chosen and built into the 2 x 4 array specified by the marker design.

5.1.2 Optical Arrangement.

Operating distance between sensor and markers was based on the proto-
type vehicle and its test-room layout and specified at 300mm, which
required a lens system to focus light from the marker onto the photo-
diodes. For a thin lens, the relationship between magnification M and
object distance u, is given by equation 5.1, where v is the image
distance and x; is the image width for a corresponding object width

Xs, @s illustrated in figure 5.2.
M b = Bg. 5.1

Now, u is specified and x; will depend on the photodiode dimensions,
so for a given device, the width of a marker element ( X ) is

inversely proportional to v:
Xe= & Bq. 5.2

where k is a constant. x. determines the resolution of the position
error measurement at stop markers (x. = a in figure 4.,4), and v is the
major contributor to the physical size of the sensor. Once these were

chosen, the focal length f, of the detector lens was calculated from

“

+ 1 £q 5.3
v

1
}
[oR N

5.1.3 Illumination.

During operation, the vehicle was expected to encounter different

lighting conditions, so the sensor was designed to be insensitive to
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ambient light variations by providing its own pulsed illumination. The
transducer received scattered light from markers when correctly
aligned, and the photodiode outputs were monitored for amplitude
variations at the same frequency as the illumination. Ambient light
appeared as a superimposed d.c. level which was then filtered out.
(Spectral reflections were avoided since the direction of the reflected
beam would vary greatly with sensor distance and attitude to the marker

as illustrated in figures 5.3 and 5.4)

High intensity constant illumination, such as a floodlight, could not
be used because the mechanical chopping needed would be susceptible to
vibrations from the truck. Other considerations included size of
mechanism and additional maintenance required. Xenon flashtubes are
too fragile and would require a high voltage supply on the vehicle.
Infra-Red Emitting Diodes (IREDs) provide an easily pulsed illuminating
source and are commonly matched in wavelength to silicon photodiodes
which have a large amplitude response in the near infra-red. The major
drawback is that only low power devices are generally available
(typically a few milliwatts), but some improvement can be gained by
using high forward currents at low duty cycles, which produces high
amplitude pulses whilst maintaining low average power dissipation.
consideration of signal processing requirements gave additional
factors in favour of IREDs (section 5,2.2.1) and the problem of
radiant power was overcome by using an array of devices mounted behind

a large aperture lens to focus as much infra-red as possible onto the

target area.

5.1.4 Transducer Response.

The output voltage from each photodiode and its associated amplifiers,

is proportional to the total irradiance of infra-red incident on the
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dicde's active area. In effect, the photodiode samples its area of the
imagg. If that area corresponds to a black marker element, the output
voltage is low, and a white element results in a high voltage. An

image containing part of a black and part of a white element produces

a mid-range voltage proportional to the percentage of white area.

When the vehicle is moving past a marker, each photodiode scans that
marker, and the output of a single device can be represented as in
figure 5.5 by the convolution of the detector width with the spatial
variation of white and black across its image area. In the case of a
marker, the two functions convolved are rectangular and the result is
a rounded rectangular function whose width is the sum of the two
constituent function widths. Hence the degree of rounding, or
smoothing, of the output depends on the relative widths of detector
and marker. A very narrow detector would faithfully reproduce a broad
marker, giving an alternating 'on' - 'off' signal corresponding to

'white®' - *black' as required.

However, as previously mentioned, the IREDs did not provide very
strong illumination and only covered a small area in the object plane.
To maximize incident illumination, the width of a marker element in the

image was made to correspond to a photodiode width. From equations 5.2

and 5.3

Xe= X (3 - 1) ‘ Bq. 5.4

where X is the photodiode width, hence the chosen device specifies

marker size and focal length.

In summary, each photodiode/amplifier unit provides a voltage signal

proportional to the incident infra-red which, in the case of a marker,
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1s proportional to the area of white viewed. The eight signals read in

parallel provide a sampled representation of the transducer image in
terms of spatial 'colour' variations. In addition vehicle motion
causes each photodetector to scan a marker and produce a time-varying
voltage at its output. Spatial frequencies in the transducer image
(periodic occurrences of a certain pattern) are transformed into

temporal frequencies related to vehicle velocity by
£= i, EQ. 5.5

where fT is the output signal frequency in Hz, fs is the spatial
frequency in the object in m and V is the vehicle velocity in ms~'.
Figure 5.6 shows the output of a single photodetector for various

markers and how this varies with speed.

5.2 Data Processing.

With reference to figure 5.6, a simple threshold would recover the
binary marker information. At any time instant, the eight photodetector
outputs provide a sampled snapshot of the transducer image, which will
contain all the required data for the case of a marker. Hence such
snapshots could be compared with templates of all the markers to
determine whether one of them was in view and if so which one.
Filtering would be needed to remove higher frequencies than those given
by passing markers (the frequency of the pulsed illumination source
mist not lie in the range of marker derived signals for example). Since
vehicle speeds vary from zero to a maximum value,.this range will cover

all frequencies from d.c. to some maximum.

From the above discussion, data processing divides into the processes

of filtering, thresholding and finally correlation or decoding of the

recovered data.
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5.2.1 Filtering - an analogue method.

The major problem with the transducer design was how to derive a
measurable voltage from the photodetectors given the low power
illumination available from IREDs, The emitters and detectors used
were matched in wavelength for best response, but the highest radiant
power devices generally available were rated at only 12mW. Photodiode
response was typically 15/uA light current under incident radiation of
200 Wm™*(40) - equivalent to a separation distance of 200mm between
emitter and detector. In the transducer, radiated infra-red must
travel 600mm between emitter and detector and large losses occur in
scattering. Instantaneous radiant power from the IREDs was increased
as previously mentioned, and several diodes used in the source, but

photodiode currents remained in the nanoampére range.

For this reason, an initial design was based on tone decoders which
can be tuned to detect signals of a particular frequency. These give
a logical output which is high when a matching frequency signal of
greater than 40mV amplitude is present at the input. The photodiode
outputs were amplified such that the 4OmV condition acted as a

threshold level and the tone decoders were tuned to the IRED pulse

frequency.

However, the reference frequency had to be provided by an R-C network
which in practice, necessitated variable resistors to fine tune each
decoder. Variations in photodiode characteristics also required each
amplifier to be sndividually adjusted to achieve suitable thresholding,
and the design was discarded at this stage due to the high component

sensitivity.
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5.2.2 Digital Processing.

In addition to the above problems,

the analogue design required a

large number of components because each decoder circuit and any
subsequent filtering had to be duplicated eight times. A microérocessor
can achieve the same effect by simply multiplexing the eight signals
through one block of software. For this reason, an investigation was
made into the ability of a microprocessor to perform all data

processing.

5.2.2.1 Sampling.

The first consideration for a microprocessor system is the conversion
of input data into a form the processor can operate upon. For the
photodetectors, this entails conversion of the output voltage into a
binary input via an analogue to digital converter (ADC). Since the
sensor output is to be used to control a moving vehicle, ‘real-time’
processing is required. This means that any operations on one data
sample must be complete before the next sample is taken, and the time
between sample and output must be sufficiently small for the control
system to be able to take any necessary action. For example, when the
vehicle is required to stop at a marker, the sensor must recognize each

offset distance before the next one is passed,or the stopping point

will be missed.

Sampling practice suggests that a signal must be sampled at ten times

the highest component frequency present to retain all the original

information content. The constraints of real-time processing set an

upper limit to this sampling frequency and therefore to signals that

can be processed. Applying this to the transducer, the pulsed

i1lumination acts as a sampling function since no usable information

is received by the photodiodes when the source is off. The pulse
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frequency must therefore be ten times the highest frequency signal
likely to be given by a marker. Now, the highest spatial freguency
occurring in the marker system is 40mm™! corresponding to alternaﬁing
black and white elements (each element is 20mm wide). Equation 5.5
therefore yields a temporal frequency of 25 Hz at the maximum specified

- . -t
vehicle velocity of 1ms™ , and the pulse frequency must be at least

250 Hz.

Using the ten times rule, sampling of the photodetector output signals
must occur at 2500 Hz, giving O.4ms for each sample and vrocessing
operation. This is beyond the capabilities of the Z-30 microprocessor
employed. However, only the amplitude modulation is needed, so the
carrier frequency can be discarded. The ten times criterion is based
on retrieving both amplitude and phase information from an unknown
signal, but a priori knowledge of some of these guantities can reduce
the specified sampling rate. There was no appreciable phase difference
between the illumination control and photodetector output signals, so
a synchronous detection method was employed as follows: the micro-
processor provided a square-wave carrier and sampled the photodetectors
at the same points along each waveform as shown in figure 5.7Db,

eliminating the carrier whilst retaining the modulating frequency.

5.2.2.2 Digital Filtering.

Once the signal had been sampled, filtering was required to remove

frequencies higher than 25 Hz and any d.c. offset. Standard digital

filtering implementations exist, but they generally involve multipli-

cation operations which need long processing times or dedicated devices.

The operating speed of the sensor required fast processing algorithms

and the design aimed to avoid additional devices on cost grounds.
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The combination of a square-wave 3 -
carrier and synch
ronous detection

vrovided a simple solution to the 4.c. offset problem: the samplj t
3 pling rate

was doubled to include a sample during every 'off' time. Since no

illumination was provided during this instant, the photodetector output |

was solely due to ambient conditions. Adjacent samples were then

differenced as in figure 5.7c to remove the offset.

Low-pass filtering was achieved using a running mean method (41). This
is the simplest digital filter to implement because it only requires
additions and subtractlions. The algorithm is given by equation 5.6,

where n 1s the number of samples in the mean and k and r are integers.

n-1
yK:'r]{rE&(k—r Eq. 56

The output at any instant (yk) is equal to the mean of the last n

input samples ( X,_, ), and can be re-written in the form

yk: yk +%(xk~xk_n) Eq. 5.7

In practice, the division by n was avoided by multiplying the
thresholds used by the same factor. Figure 5.8 shows the frequency
response for this filter and illustrates its dependence upon both the

number of samples in the mean and the sampling frequency.

5.2.3 Thresholding.

Following the filter, the signal was thresholded to reduce the data %o

2 binary input for the recognition process. A band vas used to

alleviate oscillations about the decision level due to noise. This

also effectively removed signals due to higher spatial frequencies than

those employed in the markers, since the convolution of a relatively

1 whi 1 averages
wide photodiode aperture with narrow black and white stripes rag

. : jefined the
to a 'grey' level within the inadmissible region defined by

- 12 -
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threshold band.

5.2.4 Pattern Recognition.

Figure 5.9 summarises data processing in the sensor. Sémpling,
filtering and thresholding take place on each photodiode output
individually, but pattern recognition operates on the eight signals

in parallel for maximum speed. The trade-off between parallel and serial
processing depends on the mumber of bits required to characterize an
image and the total number of markers used. As these two quantities
increase, direct point to point correlation between image and marker

templates becomes time consuming and the storage of templates occupies

large areas of memory.

However, in this case, the thresholded signals were combined to form

a single eight-bit word, achieving an eightfold data reduction and
allowing the fast eight-bit comparison instruction of the Z-80 to be
used. Four location markers were used with the prototype and the stop
marker employed seven recognizable views, thus the template table only
required eleven bytes of storage and point to point correlation was the

most efficient method to employ.

Each photodiode output was represented by a specific bit in the image
word. Fach bit was set according to the results of the thresholding
operation on that signal (set for white, reset for black) and the

entire word was rendered invalid for that sample instant if any signal

fo1l within the threshold band. Only valid image words were compared

against templates, and in the event of a true compare, the assoclated

identifier was accessed from the table and placed on the sensor output.

- 14 -
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5.3 Implementation.

The above sections have outlined all aspects of the sensor and its

operation in theory, with reference to broad practical considerations

Physical realization of a prototype required a detailed look at

available components and the interfacing between transducer and micro-

processor. Then data processing and sensor control software had to be

written and adjusted to obtain the correct sampling frequency. This

section investigates the problems encountered in building the sensor,

and describes the final design used on the first prototype vehicle.

5.3.1 Construction and Optics.

Figure 5.10 shows the sensor construction and optical arrangement.
Detectors and emitters were aligned and rigidly fixed relative to their
respective lenses by the bakelite structure, which incorporated the
required angle between lens axes. This angle (8 in fig. 5.10) was made
as small as possible to prevent large amplitude variations in the
illumination across the marker plane. The vehicle's route following
system was specified to track the guide-wire to a tolerance of I cm,
so these two extremes were used to find angles which prevented spectral
reflections entering the detector lens. In practice, the minimum value

of © was dictated by the physical size of the lenses.

Specification of the optical components proved to be a trade-off

between size of sensor and size of marker (section 5.1.2). Commercial

lenses were the cheapest and most readily available and limited the

choice to standard focal lengths. A flat-field enlarger lens was used

. : 1cal
for the detectors to reduce radial 1mage degradation due to spherica

sberrations. (The flat-field arrangement comprises a COMYEX lens which

cave
would focus the image onto a spherical surface, followed by a con

nto a plane and maintain image quality

-6 -
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at the edges). The widest aperture setting was used to allow the

maximum light into the lens. The focal length chosen was 75 mm, giving

a magnification of 3.

5.3.2 I1llumination.

Ideally, the illumination should have been evenly distributed across
the object plane of the detector lens, covering the area of a marker.
However, the IREDs employed exhibited non-uniform irradiance in a
plane normal to the beam as shown in figure 5.11. In addition, there
was considerable variation in output between individual devices, and
a very small decrease in amplitude across the object due to the angled

beam.

Strength of illumination was a premium, as already mentioned, so an
array of IREDs was used with a wide aperture lens to focus a magnified
image of the array onto the marker plane. The number and position of
diodes in the array was determined empirically, using a photodiode to
map the irradiance patterns in the marker plane as shown in figure 5.12.
The results for various emitter positions were correlated to predict an
arrangement where the individual patterns overlapped to produce even
51lumination. This prediction was used in the first sensor and is shown

in figure 5.13 with its measured distribution.

At a later stage, the question of illumination was reconsidered in an

effort to reduce the very high gain in the photodiode amplifiers, and

the number of emitters was doubled. Due to the lens geometry, the

emitters in the mark 2 sensor had to be arranged such that each emitter

illuminated the area viewed by one detector. Plate II shows a sheet of

white paper placed in the marker plane and 1]1luminated solely by the

y -red
infra-red source in the sensor. The photograph was taken on infra-re
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sensitive filn (42) and clearly shows the characteristic irrad; ;
1Stic 1rradiance

distribution of individual IREDs and demonstrates the brightness

variation between emitters. In Plate ITI, a marker has been placed in

the sensor field of view, showing the contrast between irradiance

levels from black and white elements. (The marker is slightly

misaligned). The performance of the two sensors is compared later in

Chapter 7.

High power RS 308-512 infra-red emitting diodes were driven by the
circuit in figure 5.14 to produce the IRED source. Under micro-

processor control, the IREDs were pulsed by a 1A peak current at 250 Hz

with an 'on' time equal to the ADC conversion time (typically 100 ms).
To prevent the possibility of sustained high current damaging the
emitters because of microprocessor failure, a safety trip was provided
by the monostable IC 1: the time constant was set to 10ms by R1 and C1
so that in normal operation, the monostable was continually retriggered
by the control signal. If however, there was a delay of more than 10ms

between pulses, the monostable output went low, disabling the AND gate

output to the Darlington drivers and hence the emitters. This condition
held until the next rising edge in the control signal when normal

operation recommenced.

5.3.3 Detection.

35 302-506 photodiodes were employed in the detection unit as they had

sufficiently fast response times 1o faithfully detect the 250 Hz

illumination pulses and were matched to the emitters used. They also

had integral optical filters to reduce sensitivity to visible light.

: h
The photodiode outputs were interfaced to the microprocessor throug

(ADCS) whose input signal range was

Analogue to Digital Converters
- 82 -
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hence the

diodes required a minimum bias voltage of 5.5V to operate
) * s

12V supply used. The capacitor-resistor combination at the output stage
of the first amplifier was designed to remove the d.c. signal, whilst
the voltage reference and closed loop gain of the second amplifier were

chosen such that the output was in the range 0-5V. In practice,
resistor R7 had to be individually selected for each detector element.
The value ranged from 100k to 220kQ in the mark 2 sensor (eight
emitters) and was of the order of 330kfl in the mark 1 sensor. Signal

levels at various nodes in the circuit are showm on the diagram to

illustrate operation.

Due to space limitations in the sensor unit, the photodiode array was
separate from the amplifier array, necessitating screened flying leads
to each device. In view of the very low photodiode currents involved

(nanoamperes), lead lengths were kept to a minimum.

5.3.4 Processing Hardware.

Sampling of the photodetectors was performed in parallel, using an

array of eight-bit ADCs as in figure 5,16a. National Semiconductor

ADC 0809 devices were used, having a conversion time of 100 ws (with a

1MHz clock input) and latched tri-state outputs. This latter feature

allowed the microprocessor to poll each one in turn and read its output

from the common data bus. The system software controlled data

collection through a three-bit address field which was decoded to one

of the eight ADC output enables as in figure 5.16b. A start conversion

i ut
signal was fanned out to each device and the end of conversion outp

ger the polling process.
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point and the connecting cable had to be routed close to the 5attex'y

and traction motors. For this reason, the constituent boards were

arranged such that this connection carried low impedance signals, which
?

were passed through line drivers as they left a board and were pulled-
up by a resistor to the positive supply on entry. Catching diodes were
also placed on all board inputs for device protection against noise. A
block diagram of the sensor hardware is given in figure 5.17, showing
the division of circuitry between boards and the connection between

sensor unit and controlling microprocessor.

The control and data buses for the sensor were interfaced to the micro-
processor through a Z-80 Parallel Input-Output controller (PIO) housed
on an interface board in the central vehicle rack. This device has

sixteen bi-directional lines individually programmable as inputs or

outputs and divided into two eight-bit ports. The 2-80 Central Process-
ing Unit (CPU) reads or writes to one port at a time and can operate on
the data either as a complete word or on a bit by bit basis. Hence the
ADC data bus was assigned to one port for processing as a word, and the

control bus was assigned to the other port.

The company had standardized on a circuit for the basic needs of micro-

3 d
processor operation (board 5 in figure 5,17), which was to be employe

. is board
on each processor sub-system on the vehicle. In essence, this

contained a 7-80 CPU,a PIO and up to six kilobytes of Erasable Program-

) kilobyte of
mable Read Only Memory (EpROM) for operating software. One kiloby
' memory and
Random Access Memory (RAM) was provided for 'scratchpad' memory
i included a
storing variables during program operation. Other features 1nc
-set function initialized

re
reset circuit and a clock generator. The
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programme execution from the first instruct the EETON, ana
= ! z , ana was

antomatically activated on power-up. A push-to-make switch was al
: v 5 also

provided for manual operation. The clock generator provided a buffered
L MHz clock signal for the CPU and its support devices. Finally, the
cPU address and data buses and all control lines were buffered and

prought out to an edge comnector to facilitate expansion.

pPower supplies for all units within the vehicle control system were
derived from the traction battery. A centralized dc-dc converter was
used to generate a +5V supply for TT logic and the ADCs for all boards,
but the 12-volt detector supply was unique and therefore derived within

the sensor unit from the smoothed battery supply of 24 volts.

5.3.5 Software.

The sensor programme had two tasks: to control the jllumination and
analogue to digital conversion to effect correct sampling; and to
process the data for recognized patterns. For programming simplicity,

these were kept separate - no calculations were performed during ADC

conversion time.

5.3.5.1 Sensor Control.

i ntinuously.
This comprises a sequence of events which are repeated cont y

With reference to figure 5,18, the snfra-red emitters are turned on,

period for the detsctors to reach full

and after allowing a suitable

i the ADCs. This
output, a start of conversion (soc) pulse 18 sent to
i :+ch to its 'high'
causes the end of conversion (EOC) spput to switc

allow for the rise time of EOC, the

t and enabled (EN), before

level after a short delay. To

mltiplex address of the pirst ADC is outpu

D versi i the IREDs are
olling for EOC low begins Once conversion is complete, the
- g o ®

in. After the data from one ADC has

turned off and data can be read
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peen read, the next is addressed and its output fenabled »on£§ ”G}"xef Y.
when all data processing is complete oh. the current reading, the b
eading, the bus is

read and the next ADC enabled, and this continues until the eight

photodetectors have been sampled.

Once the on-time readings have been taken, the above process is
repeated except for the IRED line which is kept low. When the last
'of f-time' sample has been taken and the pattern recognition process
is complete, the processor waits for the end of the current sample

period before repeating the complete sequence.

5.3.5.2 Data Processing.

The operations of filtering, thresholding and pattern recognition are
distributed within the control sequence as illustrated in figure 5.18.
Real-time operation at this sampling rate meant that the software had
to be written in Z-80 assembly language where timings of operations can

be controlled. The algorithm is given in figure 5.19.

Running sum filters were computer modelled using various run-lengths

at the sampling frequency, and the required frequency response chosen.

The filter was implemented by reserving n bytes of storage for each

detector;, where n was equal to the run ength, and each pyte held one

3 ! in, first out basis where
sampled number. This store was Tun on a first 1nm,

I of
the newest reading replaced the oldest. In addition, &b array

eserved for the running total for each detector at

sixteen bytes was T
d filter
any instant (two bytes Per getector). The 110 tables an

; ; i . instant
operation are presented diagra.mmatlcally in figure 5,20. At any ,

ple in store for the detector

pointer OLDEST refers to the oldest sam

s to the current running total for

being processed, and TOTAL point
i ;s updated by
that detector. On receipt of a new reading, the total 1S UP
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adding the new one and subtracting the oldest. This latter value is
then overwritten in the sample table by the new sample. Both pointers
are then incremented ready for the next detector to be processed.
Because of the d.c. filter, the running sum operation actually takes
place in two parts: first the oldest sample is subtracted from the
total and the newest on-time reading is placed in the sample table as
before. After all the on-time readings have been processed, both
pointers are placed back at the top of the present 'snapshot’ (see
diagram) and off-time samples are taken. Each newest reading in the
sample table is 'filtered' by subtracting the relevant 'off' sample
and finally, the total is updated by adding on this amended new reading.
When all eight filter operations have been completed for one sensor
snapshot, TOTAL is re-set to the top of its table and CLDEST is simply
incremented once more ready for the next sample. When OLDEST reaches

the end of its table, it must be reset to the top.

As each new detector total is computed, the next stage of processing
can take place: the total is compared with two threshold levels to
determine whether this sample represents a black or a white image or
some grey-level which is declared invalid. The result of this function
is one for white and zero for black and is stored in the relevant bit
of the one byte array CODE. Bit O represents detector 1 and Bit 7
represents detector 8. If the sample is invalid (the total falls within
the threshold band), CODE [n] is unchanged and a flag is set. When
the array has been completed, this VALID flag is tested to determine
whether pattern recognition should proceed. Although only one invalid
sample will render further processing unecessaxry, all samples are

thresholded to keep the programme execution, and hence sample time,

constant.

- 9% -



Every valid CODE is compared with each stored marker template in turn.
If a true compare exists, the storage location of that template serves
as a pointer to the marker identifier which then becomes the sensor
output. The sensor microprocessor is also used to run the position
control program, so this output actually remains within the processor

as a variable which is accessed by the position program.

Data processing is now complete, so the sensor program returns to the
start to send out the next light pulse and take the next snapshot. In
practice, a sampling frequency of 340 Hz was achieved when the sensor
software was interleaved with the position program. This was
acceptable since it was higher than the theoretical minimum of 250 Hz.
Running sum filter characteristics were computed for a 340 Hz sampling
frequency and a run-length of four chosen to give the frquency
response of figure 5.21. Threshold values were derived empirically

as described in Chapter 7, together with an analysis of sensor

performance.

5.4 Summary.

The position sensor has been described from initial design to practical
implementation. It can be thought of as a very low resolution 'camera'
with a limited field of view, looking at the environment under infra-
red illumination. It is programmed to recognise a number of unigue
markers and output the identity of every marker that comes into focus.
Operation is under microprocessor control and is designed for vehicle

speeds up to Ims™' .

Sensor construction is shown in Plate IV and its
appearance in operation is illustrated by Plate V. An assembled listing
of the sensor software as it appears within the complete position

control program is included in Appendix B. The following chapter

descibes the Navigation System and the role of the sensor within it.
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Plate ¥ Prototype Vehicle With Position Sensor.
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Chapter 6

THE NAVIGATION SYSTEM
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The process of vehicle navigation employed 1s represented by the flow
diagram of figure 6.1, illustrating the combination of position sensing,
traction control and task breakdown required. (It is assumed here that

whilst the vehicle is in motion, it is following its route). "Task

Locations" correspond to location marker identities and the tasks
themselves could include 1oad/un10ad operations or entering a battery
charging bay (both requiring the vehicle to stop) or changing between
route guides. Implementation of this algorithm within the system
architecture outlined in section 3.5 involved three microprocessors:
Position, Traction and Vehicle Executive. This chapter describes how the
programme of fig. 6.1 was distributed between processors, and also the

communications protocols that were used.

. . i
6.1 Interprocessor Communications.

Vehicle Executive is responsible for translating vehicle tasks into
specific commands for each sub-system processor and co~ordinating
execution of these commands to complete the task. It must therefore be
able to communicate with each processor to send commands and receive
status information, without impairing the operation of any sub-system.

On the prototype, inter-processor communications were organized on an

interrupt basis whereby program execution in the receiving device is
suspended until the data has been transferred, after which the program
is continued from the next instruction. If any part of the program must
be processed without interruption, the processor's interrupt mechanism
can be disabled during this portion. (When it is re-enabled, any

pending interrupt is serviced immediately).

Each microprocessor sub-system consisted of a standard processor board

1 Designed by Mr. R.H.Tilbury, Engineer, Cableform Ltd., 1982.
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containing CPU, PIO, RAM AND EPROM (section 5.3.4), and an interface
board for specialised input/output. The PIO on each processor board

was dedicated to communications giving sixteen lines for bidirectional
data transfer, organized into two eight-bit ports. Port A was reserved
for operating the interrupt procedure, priority ranking and handshaking,
and Port B was used for data. The amount of data to be transferred
between any two processors varied, so a standard routine was devised
whereby sixteen bytes were sent during each communication. Information
was coded by position within this string as illustrated by the protocol
for Position in figure 6.2. To avoid contention, all communications had

to proceed via Vehicle Executive as in figure 6.3.

6.2 System Operation.

A block diagram of the position control system is shown in figure 6.4,
The computation represented by ! in the diagram is shared between the
Vehicle Executive and Position processors and operates in two distinct

modes.

6.2.1 Navigating.

In this mode, Vehicle Executive instructs Position to monitor for
location marker X, and Traction to proceed at velocity V. The vehicle
operates at two set speeds: lms" (maximum) when following the guide-
wire and moving between destinations, 0.3ms" when changing between
guide wires. Position continuously samples the sensor and updates
Executive with the current location each time a location marker is
recognised. When location X is reached, Position stops sampling, tells
Executive and awaits further instructions. At this point, Executive
consults the task and decides whether or not the vehicle must stop. If
not, it performs the task - for example instructs Steering and Traction

to change wires at reduced speed - and informs Position of the next
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INFORMATION FROM EXECUTIVE:

BYTE 1 (LOW ORDER)
TASK LOCATION
BYTE 2 (HIGH ORDER)

BYTES 3 TO 16 SPARE  (OOH)

INFORMATION TO EXECUTIVE:

BYTE 1 BIT O = AT REQUESTED LOCATION/NOT AT LOCATION
BIT 1 = FAST/SLOW
BIT 2 = FORWARD/REVERSE
BIT 3 = IN MOTION/LOST
BITS 4-7 = SPARE

BYTES 2-3 LAST LOCATION MARKER RECOGNIZED
(LOW BYTE FIRST)

OFFH = NO MARKER ENCOUNTERED SO FAR

BYTES 4-16 SPARE  (OOH)

Figure 6.2 Position Processor Communications Protocol.
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task location. The process is then repeated.

6.2.2 Positioning.

If the vehicle is required to stop - to unload at a workstation for
example - positioning mode is entered. Vehicle Executive commands
Position to stop and the latter takes control of the speed input to
Traction. First, the speed demand is reduced to 0.2 ms™ (minimum
allowed), then sampling of the sensor is recommenced - this time
looking for a stop marker. When this comes into view, the speed demand
is set to zero and the vehicle is‘brought to a halt. Position informs
Executive and retains speed control until given a new task location,

when navigating mode is re-entered.

6.2.3 Interfacing.

Direct control of Traction by Position developed because the Executive
was not presént when initial testing of the sensor commenced. A link
therefore had to be made between the two sub-systems, mnecessitating a
further PIO on the Position interface board. One port was used with
bit O for directing control to Position or Executive, and bits 1 to 7
for the speed demand. Port B was used to drive a single digit L.E.D.
display as a debugging and commissioning aid: sensor output and error
codes were displayed as a visual guide to performance and also to help
when positioning markers. The unit could be unplugged and removed from
the vehicle when trials were complete. The Position Interface circuit

diagram is shown in figure 6.5.

6.2.4 Software.

The program for the Position microprocessor consists of two loops:
one for navigating and one for positioning, and incorporates all the

sensor software described in section 5.3.5. On power-up, the
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communications interrupt structure is organized and the PIOs programmed
and set to initial conditions, with Position in control of the speed
demand and the latter set to zero. The processor then interrupts
Executive and waits for instructions. On receipt of the return interrupt
from Vehicle Executive, program execution restarts, task instructions

are stored and the navigating routine is entered.

All arrays used by the sensor software are cleared and the pointers
initialized. The sensor program takes one sample from the transducer
and tries to match the image with one of the marker templates held in
store. If a true match is found, a flag is set and a pointer indicates
the template. If there is no match, the flag is reset. This is common
to both the navigating and positioning routines, but different template
tables are used in each case, to reduce processing time to a minimum.
For navigating, it is not necessary to recognize each view of a stop
marker, so in this case, sensor initialization provides a table of all
location markers and the central stop marker view with the associated
marker identities. Once initialization is complete, the control line
to Traction is set and Vehicle Executive informed that speed control
has been relinquished. The program then enters a loop during which

the sensor is sampled and the match flag tested. In the event of a
true match, the loop is left and the marker identity 1is compared with
the task location. If these two match, the program jumps to the
positioning routine, otherwise Executive is informed of the latest
position and sensor sampling recommences. Meanwhile, Vehicle Executive
may have interrupted at any time during the above sequence, soO every
time the program loops round to re-sample, the current task instructions
in store are compared with the contents of the 16-byte communications
'pigeon-hole' and updated as required. Figure 6.6a illustrates the

navigating routine.
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The positioning routine is similar in operation and is shown in figure

6.6b. On entry, the control line to Traction is reset, minimum speed
is requested via the data lines and Vehicle Executive informed of the
current situation. The sensor software is then initialized as before,
except that the template table consists of the seven stop marker views
only. In place of marker identities, each template has an associated
speed request, with zero speed for the central view. The sensor is
sampled as before with the periodic check for new instructions from
Executive. When a true match is found, the relevant speed request is
output to Traction and sampling continued until the final position has
been reached, when Vehicle Executive is informed of task completion and
the processor halts until new instructions are received. The two
routines are combined as in figure 6.6c to form the Position Control

program, which occupied 1.2 kbytes of program store.

6.3 Traction.

The company already had experience of microprocessor based motor
control and an existing design was fitted to the vehicle. This
featured separately excited field and armature, and is shown in figure
6.7. Signals from the microprocessor are amplified by the three driver
circuits to switch power transistors T, to T, . Motor direction is
determined by the direction of current in the field and controlled by
T, and T, . Motor current is pulse width modulated via Ty and T, for

the field and Ts for the armature.

In operation, a constant current duty cycle was applied to the field,
and armature control used to achieve the simple speed control system
of figure 6.8 (43). Both field and armature were pulsed at a constant
frequency of 500 Hz with 90% duty cycle on the field and 0 to 80%

(variable in 1% steps) on the armature. Driver circuits 1 and 2 are
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interlocked such that

(T, is on AND T, is pulsed)XOR (T, is on AND T, is pulsed) .Eq.6.1

according to the state of the Forward/Reverse signal from the micro-

Processor.

Pulse width modulation was controlled by the processor through the
Z2-80 Counter-Timer peripheral in the circuit of figure 6.9. This
device can be programmed to continually count pulses of an external
trigger signal and give a single high pulse every time the desired
count is reached. Counting then restarts from the next trigger pulse.
There are three channels which can be individually programmed and
triggered. The pulse width modulator uses one channel and a dual
decade counter to divide the system clock and produce the constant
frequency duty cycle envelope. The other two channels count pulses
that occur 100 times faster than this frequency so that the counter

value programmed corresponds to the percentage duty cycle required.

Forward and Reverse enable signals were derived from a single bit of
a PIO port and armature and field disable lines provided as in figure
6.10. Radio controlled stop/start override was provided for safety
during tests and this was monitored via the PIO. The normally open
trip relay was used to open the main battery line contactor to the

motors in the event of microprocessor or program failure.

6.3.1 Software.

Figure 6.11 shows a flow diagram for the speed control programme.
After the PIO and counter/timer controller have been programmed and
initialized, the main program loop proceeds as follows: the speed

demand is read and compared with the current speed being output.
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Figure 6.11 Traction Processor Software.
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This speed measure is a two's complement number formed from the

armature control signal duty cycle (bits 0 to 6) and the direction
enable (bit 7). Speed changes are limited to 16% duty cycle steps to
produce smooth acceleration, and the amended demand is compared with
present speed to see whether .a direction change is required. If so,
armature and field outputs are disabled and a 100 ms delay is called
to allow the field current to decay. Then the direction enable is
complemented and output on the PIO and the field duty cycle re-enabled.
A further 100 ms delay is given to allow the field current to build up,
after which the programme returns to its original course where bit 7

of the speed demand is reset and this word loaded into the armature
channel of the counter/timer to form the new duty cycle. The armature
output is then enabled, the variable holding the current speed value is
updated and the programme loops back to read the reference again, If
the speed change had been limited, a 200 ms delay is invoked before

re-starting the loop.

As already mentioned, the reference has two sources. In addition, a
manual over-ride facility was provided whereby vehicle speed and
steering could be controlled via a joystick. Information from Vehicle

Executive consists of two bytes as follows:

Byte 1: bit 7 Forward/Reverse

bits 1-6 Speed if in manual

bit O Manual/Auto operation

Byte 2: 2's complement speed demand if in auto.

If byte 2 is zero, Traction must perform an emergency stop and wait
for further instructions. When in manual operation, the speed demand

variable is simply loaded with byte 1. Information from Position is
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received via port B of the PIO:

bit 6 Priority to Position/Priority to Executive
bit 5 Forward/Reverse

bits 0-4 Speed if priority to Position

Position only takes control during slow speed manoeuvring so in this

case, the speed demand is formed as follows:

bit 7 Forward/Reverse from Position
bit 6 Zero
bit 5 zZero

bits 0-4 Speed from Position

During the routine to find the speed demand, the radio control signal
is read and the vehicle stopped if this line is high. The program then
loops round this routine until the r/c input goes low, when execution

continues as before.

The trip relay is operated via a monostable which is continually
retriggered by pulses from the processor sent at frequent intervals
during the program. If the program halts for any reason, these pulses
will stop, the monostable times out and the relay opens.

Traction occupies 925 bytes of program store.

6.3.2 Operation.

In automatic mode, the vehicle was driven at fixed speeds according to
its task as illustrated in the typical velocity profile of a loading

operation shown in figure 6.12. For demonstration purposes, positioning
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was achieved by assigning speed demands of 20% duty cycle (minimum
speed) to each partial view of a stop marker and zero for the central
view. Once the central view had been recognized, sensor sampling was
stopped. This meant that the vehicle came to rest a short distance in
front of the stop marker, but the positioning was sufficiently repeat-
able with light loads to allow successful demonstration of automatic
loading at stationary conveyors. These workstations were operated by

the vehicle via an ultrasonic link which was only activated when the

vehicle was correctly aligned.

The position sensor was mounted on one side of the vehicle in line with
the steering pivot so that deviations from the guide-wire would have
the minimum effect. Markers were mounted on vertical stands along the
route and used to identify workstations and points where the vehicle
had to change between guide-~wires. Location and stop markers were
placed 1 m apart (minimum) to allow sufficient distance for the vehicle
to slow down. The vehicle was equipped with two conveyors and both
could be used at one workstation by using two stop markers. Position
was instructed to stop at either the first or second stop marker
encountered after the location marker, or even to stop at the first,

transfer a load and then proceed at low speed to the second.
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Testing of the navigation system took place in two phases:

investigation of sensor performance and demonstration of the prototype

vehicle.

7.1 Sensor Evaluation.

It soon became apparent that the vehicle could not be used as a test-
bed for the sensor, since there were too many variables in the system.
The main problem was positioning markers relative to the sensor since
it was not clear whether recognition failures when the vehicle was in
motion were due to the sensor or to the vehicle wandering about the

guide~wire. In addition, the prototype Route Following system had a

maximum operational speed of O.?ms", so Position could not be tested
to its full specification in this way. A test-rig was therefore devised
where speed and relative position could be controlled independently,

and the sensor operated in isolation of other vehicle sub-systems.

7.1.1 Test Equipment.

Figure 7.1 shows the experimental arrangement for sensor tests. From
the sensor's frame of reference, there is no difference between the
transducer moving past stationary markers and a fixed transducer
viewing moving markers. From an experimental point of view, it is far
simpler to move the markers. The latter were placed on a belt passing
over two spools, one of which was driven by an electric motor. Belt
speed could be varied and was measured by a sensor and shaft encoder
on the motor, outputting via an l.e.d. display. The motor speed control
unit was adapted from some existing equipment and had to be calibrated
by timing the belt over several revolutions at different speeds.
Available speed range was O to 3ms-' and the display resolution was

0.02ms™~"
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One aim of the tests was to investigate suitable threshold levels, so

the output of the running sum filter had to be recorded in some way.
Under normal operation, this output would be temporarily stored in
on-board RAM for further processing and replaced by each new sample.

It was therefore decided to implement the program in the Nascom 2
develorment microcomputer and store this information in computer RAY

so that 1t could be processed after completion of each test. Figure 7.2
illustrates the link between computer and microprocessor system and

the division of programming tasks between the two. The PIO which
nornally interfaced Position to Traction was used as a parallel link to
the computer, with port A for data transfer and port B for handshaking.
The program held in sub-system PROM provided all the control signals to
the transducer and read the photodiode amplifier outputs. Under control
of the Nascom 2, this data was transferred to the computer whexre the
rest of the data processing software resided. Data could thus be stored
at any stage of processing for a very large number of samples. Great
care was taken to ensure that the data transfer vrocedure and any
storage routines did not significantly alter the sampling frequency of

the sensor.

In operation, the sensor was placed in front of the marker belt, on a
serarate suoport to isolate it from vibrations due to the motor drive.
Vertical height relative to the drive belt could be varied as could

distance from and incident angle to the belt.

T

These fell into two categories: measuring the filtered detector signals

under various conditions, and logging the number of times a true match

occurred as markers nassed the sensor. The former set of tests were

) . i - s P
designed to investigate sensor response and formulation of suitable
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thresholds,

and the latter set were for ensuring the sensor met its

specification.

The highest spatial frequency that had to be reliably sensed
corresponded to alternating black and white elements as in a number 2
location marker. A belt was made up with this pattern along its entire
length as in figure 7.1 and driven at the maximum speed of 1ns™'. Data
for each detector was logged at the output of the running sum filter
for 256 samples during each test run. The sensor was placed in front of
the belt such that the 'marker' was in focus and correctly aligned,
and data collected for distances between iZcm from this point at 0.5cm
intervals. The sensor was then returned to its 'correct' position, and
its angle to the belt varied. Finally, tests were carried ouf ét
various relative heights (figure 7.3). Each set of tests was repeated

several times to allow for errors in sensor positioning.

When the above data had been analyzed and thresholds chosen, the belt
was replaced with one having individual patterns as in figure 7.4, Six
patterns were used corresponding to the four location markers, a stop
marker ahd an all-white marker. This latter pattern was included as a
control since its low spatial frequency ensures recognition over
greater ranges of speed, angle and distance than the other markers.
The intervening areas of belt were matt black. For these tests the
sensor program was given a template table containing the six markers
and the identity of every true match was logged for 1,024 matches.
Distance and angle tests were performed as before, to ensure the sensor
met its specification, then the sensor was placed in its ‘correct’

position and recognitions logged at various speeds.
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7.1.3 Thresholding.

The continous pattern belt gave a photodiode amplifier output of the
form shown in figure 7.5a, with the corresponding filtered output of
figure 7.5b. The peaks correspond to white elements filling the field
of view, and the troughs to black elements. Figure 7.6 shows how the
averages of the peaks varies with distance for each detector in the
mark 1 sensor, where each detector's distribution has been normalised
about its focussed reading at 28cm (this distance was measured from
the front plane of the sensor unit and corresponds to 30cm from the
detector lens focal plane). Under plane illumination, the curves for
all detectors would be expected to be similar with decreasing intensity
at larger distances, and perhaps some fall-off in intensity towards the
left of the image (detectors 4 and 8) due to the angled source. Given
that the mark 1 sensor was only an approximation to plane illumination,
deviations from the above prediction were accepted, but vertically

ad jacent detectors (1 and 5 or 3 and 7 for example) were expected to
exhibit similar distributions. That they did not serves to illustrate
the great variation in device performance. Since each photodiode
amplifier gain had to be individually adjusted to prevent saturation,
differences in response across the image due to the illumination could
not be isolated. Figure 7.7 shows the normalised mean minima for the

same sensor, which mainly follow similar distributions to the maxima.

The mark 2 sensor with its source of eight focus§ed emitters, generally
exhibited more pronounced variations across the depth of field (figures
7.8 and 7.9). The response of detector 7 proved to be a limiting factor

in the ability of this sensor to meet the specification.

As a result of the wide variation in response across the specified

operating range of 28 tlcm, together with amplitude differences
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between individual detectors at the focussed position
& H

separate
thresholds had to be used for each detector. This was simple to achieve
in software and did not significantly alter sampling times. Choice of

thresholds took place as follows: the sampling frequency was such that

there were approximately 13 readings per wavelength of the output of
figure 7.5b, so for any wavelength, the nearest sample could occur
within £ 13.25 degrees of the true peak as in figure 7.10. Tn addition,
comparison of outputs showed a phase difference of pa 1 reading between
some detectors, probably due to misalignment of the photodiodes.
Therefore when viewing a marker, one detector may reach its peak white
value whilst its neighbour samples a point 26.5O below its peak. The
thresholds must allow for this to produce a match at this point.
Combining this with the positional uncertainty of a sample reading
within a particular wavelength, a criteria was formplated for
calculating a threshold value from the mean peak value. Approximating
the continuous pattern output to a sine wave, a point 40° (26.5 + 13.25
degrees) away from the vpeak has a magnitude of 88% peak amplitude.
Taking this sine wave approximation and the distribution of experimental
results into conslderation, it was decided to use 80% mean amplitude

as the white threshold. By a similar argument, the black threshold was

set at 20% mean amplitude as in figure 7.10.

The mean amplitude used for these calculations had to take into account
variations with distance. In practice, the range .specification was
increased to 2¢ T 2cm to accommodate the route following system during
its development stages, so for each detector, the lowest mean peak and
highest mean trough values occurring within this range were used to
calculate the worst case amplitude. This was then used to calculate the

thresholds shown in table 7.1 for each sensor,
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DETECTOR WHITE BLACK
1 290 136

2 418 199

3 473 2L

“ W3k 156

5 308 160

6 456 262

7 707 344
406 130

aj SENSOR 1

DETECTOR | WHITE | BLACK
1 564 262

2 538 267

3 326 157

B 564 237

5 378 212

6 366 167

7 144 122
384 180

b) SENSOR 2

Table 7.1 Threshold Levels For Sensors 1 And 2.
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Height tests confirmed a tolerance of

10mm in relative height

+ s Y s s :
between sensor and marker with no significant change of response.

7.1.4 Performance.

Once threshold levels had been chosen, both sensors underwent the
recognition tests to ensure they met with the specification and to see
how many true matches occurred at a marker. Figure 7.11 shows how the
latter varied with speed. For the mark 1 sensor, location marker zero
had double the recognition rate of the others, which were all very
sinilar (excluding the all white marker). This was not expected since
marker zero is the inverse of marker three and should therefore have
had the same rate. The difference may have been due to illumination
effects. Sensor 2 showed a wider spread of responses with the stop
marker and location 2 having significantly fewer matches as expected

-1 . - .
in both cases). Location

due to their higher spatial frequency (40mm
zero again showed the highest recognition rate although by a much

smaller margin. At speeds up to Ims~' , a mis-read occurred where a
partial view of marker two was 'matched' to template three. This was

probably due to the problem of photodetector alignment already

mentioned combined with the uneven illumination.

Figures 7.12 and 7.13 show the results of distance and angle tests,
from which it can be seen that sensor 1 has a much more even response
in each case. iiis-reads again occurred with sensor 2, but mainly
involved only one match (excent at 26cm where the occurrence of a
false location three rose to three matches). The problem was overcome
by only registering a match after at least two consecutive occurrences,
but due to low visibility of the stop marker, this sensor was not
reliable at the closest range specified. Its response to changes in

+ . -
incident angle was also poorer, having a range of - 10 degrees after
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7h 1
which two markers ceased to be recognized consistently.

During the course of these experiments, tests were carried out under

various lighting conditions such as fluorescent 1ight, daylight and
poth. In all cases no systematic difference was found and all results

fell within the experimental error evaluated during several tests

executed under constant conditions.

7.2 Vehicle Trials.

Once all the systems were operational, the vehicle was made to perform
a set of tasks designed to fully exploit its capabilities. These were
later combined to form a demonstration programme of manoeuvres. The

tasks were as follows:

d

.. Proceed to location n, stop, load, then continue along the
guide-wire.

2. Stop at location n, unload and continue.

3. Stop at location n and wait for a prescribed period before

moving off.

L, Stop at first stop marker at location n.

5. Stop at second stop marker at location n.

6. Stop at first stop marker of location n, then move on to
stop at second stop marzer.

7. ieave wire at location n and vroceed at a pre-programmed

steering angle until the nex suice-wire 1s encountered,
when route following recommences (8oftware Resident Manoeuvre -

oy

D

)
S

e test environment layout which consisted of

5

Digure 7.10 illustrates t

two guide-wire sections, four location markers and two workstations.

; Y as ta1e nath during SR
The dotted lines represent the vehicle math during SRis.
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The major problems encountered with the complete system involved the

inter-processor communications structure. If a sub-system failed,
causing communications to cease, the other sub-systems would
automatically reset or enter an emergency shut-down routine as in the
case of Traction. This had the desired effect of immobilising the
vehicle if any mal-function occurred, but in some instances made it
impossible to see which sub-system was faulty. This was particularly
true in the early stages of debugging the communications routine
itself. Since every processor was linked together via a PIO, the system
was also susceptible to catastrophic faults in which a noise problem

on one board, causing PIO failure, could destroy some or all of the

communications PIOs. This happened on two occasions.

Due to problems with the route following system, maximum vehicle speed
in practice was O.?ms". At this speed, it was found that the location
and stop markers needed to be 1lm apart for the vehicle to slow down
sufficiently before encountering the stop marker. As previously
mentioned, the vehicle came to rest a short distance in front of the
marker and over repeated stopping tasks, the deviation in final vehicle
positions was pa Lem from the mean. When the vehicle stopped at location
0, there was less variation since it was travelling at reduced speed
when the location marker was passed, due to the SRM. In this case, the
vehicle tended to stop within a 4cm long box as illustrated in figure
7.15. Demonstration loads consisted of cardboard boxes, sO no
appreciable difference in performance was experienced between loaded
and unloaded conditions. Under heavy loads, the vehicle would be
expected to have a larger overshoot, but it was not considered
worthwhile measuring this as it was a known disadvantage of the simple
speed control system used. The final design, using all the possible

stop marker views, requires controlled braking, whereas the present
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system relles on friction to slow

the vehicle. Time, and the company's

interest precluded the development of acceleration control, but the

speed control system was sufficiently accurate for load transfers

under the demonstration conditions.
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CONCLUSIONS AND FURTHER WORK
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8.1 Project Summary.

This study set out to design a navigation and positioning system for
an automatic vehicle within a research project aimed at providing a
company with a new product. It has involved an investigation into
commercial AGVs from which it was found that the major disadvantages
of current systems stem from the need for a fixed guide route with

the associated problems of installation and inflexibility of opexration.
A review of robotic sensors and research has shown that attempts to
produce a free-roving vehicle using ultrasonic and tactile methods

are as yet commercially unviable and that the more promising computer
vision techniques are mainly confined to mainframes and simulations.
The author decided to pursue a camera-type sensor and produce a
minimum system which could be implemented via an on-board micro-
processor. To this end, sampled data systems and image processing have
been investigated and the minimum theoretical requirements identified.
An optical sensor has been designed to recognise markers using image-
template correlation and the markers themselves designed such that
template storage was kept to a minimum. Within the sensor, a pulsed
iJlumination source was used to uniquely define the relevant
information within the sensed signal, and data input further reduced by
arranging light source and detector such that only objects occurring
within a specified range of distances were illuminated. This sensor
was then incorporated into a control system which enabled a vehicle to
execute fetch and carry tasks. The complete system has been
demonstrated on a prototype industrial truck with automatic load

transference to and from conveyor belts.
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8.2 Problems.

8.2.1 Sensor.

Sensor illumination has constituted a major problem throughout the
project. The low output power of readily available infra-red emitters
precluded use of diffusers to give a plane source. Instead, the
radiation was focussed by a lens to maximize the irradiance reaching
the marker, which led to highly non-uniform intensity distributions
across the plane of view. This was emphasised by the wide variation

of device performance necessitating different gain factors for each
photodiode amplifier and the use of individual thresholds. Such a high
degree of component selectivity both in hardware and software is
undesirable since each sensor produced would have to undergo lengthy
setting up procedures. Further to this, it was evident in the Mk, 2
sensor that poor illumination was preventing the unit fulfilling its
specification. Use of discrete devices in both the emitter and detector,
created problems in mechanical alignment which resulted in phase
differences between detector outputs. Finally, the high sensitivity
required from the detectors made the unit susceptible to blinding by
external light sources, although the collimating effect of the lens

system limited this to sources directed into the lens itself.

If a much simpler light source were used, such as a tungsten-halogen
bulb and diffuser, desirable properties of bright, even illumination
would be gained at the expense of selectivity of input data, as it
would not be possible to divorce the marker signal from the effects of
ambient light by a simple filter. Mis-interpretation of shadows as
solid objects is one of the major problems in automated scene analysis
today and the two main approaches are to avoid shadows by designing
special light sources or to use high spatial sampling frequencies and
In the latter method, the scene is

complex processing algorithms.
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usually divided into a large number Sf/ﬁfkéis, and contrast gradients

identified. These are then thresholded either by a pre-set level, or
by a strategy based on other information within the scene. Obviously,
this requires more processing time and faster sam?ling rates than the
method employed here. However, a photodiode array would simplify

construction of the sensor and provide precision diode alignment, and

the high contrast between marker elements already used would enable a

simple contrast threshold to be employed .

8.2.2 Multiprocessor Operation.

The other area where a change of approach is desirable is the inter-
processor connections and communications. With the present arrangement,
data is transferred between RAM on the Executive CPU board and RAM on

a sub-system CPU board via an interrupt driven procedure. In the case
of sub-system initialized communications, two interrupts are involved:
sub-system to Executive and a return from Executive to sub-system
during which data transfer takes place. The sub-systems are priority-
ranked and queue to talk to Executive. In some instances, this queueing
time became substantial due to the large number of data transfers
occurring. Additionally, one sub-system had to disable interrupts for
part of its programme execution, so if Executive required communication
at this stage, it was left in a program loop until the sub-system

re-enabled interrupts.

In both cases time limits were imposed on communications requests after
which a delay was called before retrying. In a more complex system, this
could cause considerable delays in transmitting emergency commands, and
it is therefore desirable to limit the number of interrupts occurring.
An alternative method would be to have an area of RAM directly

accessible to all sub-systems and to Executive. This block of memory
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would be divided ipto 'pigeon

-holes' assigned to each system.

Information held here would be updated and inspected within a sub-
routine call and interrupts reserved for emergency procedures. The
direct link between Position and Traction should be removed and

communications directed through the standard protocol to simplify

fault-finding.

Whatever system is adopted for connecting the processors, some
diagnostic fault-finding equipment is required. At present, a fault in
one sub-system's operation usually results in the vehicle being stopped
via the action of safety trips controlling the main battery line
contactor. An exception is the case of recognition failure in the
sensor which can be detected by failure of the vehicle to stop at its
task location. If the vehicle is stopped, the faulty system can be
identified by the state of its trip relay, except in communications
failures when one or more systems may re-set and trip. Again, the
system which appears to be malfunctioning may only be doing so because
of faulty instructions from Executive. Thus most fault-finding
investigations have involved a trial and error strategy where key
devices are systematically replaced with known working ones and the
system re-tested until the faulty component or board is found. This
process would not have been necessary in the majority of cases if the
current status of each system had been known.

Vehicle Executive should be given some form of user input/Output
capabilities for the display of status information. This could be as
simple as on l.c.d. display and hex keypad whereby the operator could
key in the number of the subsystem and receive the 32 bytes defined in
the communications protocol. More complex software could be developed

whereby the Executive analyses all status records, identifies the sub-
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system and the fault and displays an error message.

In a product

situation, the display unit could be a plug-in item solely for

maintenance, or used as a permanent accessory displaying the current

task in normal operation.

8.3 Commercial Viability.

Each prototype stage of the Development Programme was designed to form
the basis of a product. The first prototype obviously operates at a
rudimentary level, but nevertheless has some attractive features when
compared with commercially available AGVs. Flexibility is the key woxrd
in factory automation today, thus one important drawback of wire-
guided vehicles is the amount of copper which must be buried in the
floor and the difficulty of re-arranging the route. Because of the
optical navigation and positioning, the Cableform system only requires
a single wire. Minor alterations such as changing the distance between
workstations or the introduction of a new station on a line can be
simply accomodated by moving the markers and changing the task
instructions. Changes requiring a different route only involve relaying

or extending one wire.

The most common method of automatic load transfer on existing systems
requires precise positioning of the load on special supports so that
the vehicle can pass underneath and pick up the load via an on-board
elevating table. This in turn requires fixed size or palletised loads.
The prototype interfaces with conveyor belts and can thus handle a
variety of load shapes and sizes without special constraints on

position. In addition, the vehicle automatically activates the work-

station conveyor only when it is correctly positioned. Elevating tables

could of course be fitted without altering the vehicle positioning

system.
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In terms of navigation and position, ‘the system developed is not

confined to wire-guided vehicles and would be equally-applicable to
white-line following or tracked vehicles. In its present state the
sensor has a capacity of seven location markers., Using the existing
processing algorithms, this could be extended with additional micro-
processors to operate a larger detector array and hence higher number
of marker elements. The limiting factor would be the illumination
system, but an increase to 32 locations (five bits of location number

information and a parity bit) is feasible with the present IRED source.

For the vehicle as a whole, the first prototype stage appeals £o
customers who want to ferry items between short-term stores and

various finishing processes or to move workpieces through a machine shop
or assembly area. In these cases, the attractions are the ease of layout
alterations, and speed of installation. It is also a low cost method of
introducing automation with the prospect of expansion if it proves

successful but low risk if not.

8.4 Achievements Of The Navigation Project.

In order to clarify the boundaries of this study within the larger
topic of the automatic guided vehicle, the scope of the Navigation
Project is defined here. It covers the design and development of all
the sensor hardware and software, including the markers; all the
navigation and traction software; interfacing with the rest of the
vehicle; and the principles of traction control, except for the power
electronics. The interfacing included not only hardware, but also the

sub-system software for the communications routine.
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The result is a self

-contained unit which is capable of retrieving

information from markers at a range of 300 Y20mm under both

artificial and day light, with a vertical tolerance to marker
misalignment of thmm. This information is presented as digital

numbers at an eight-bit parallel port with a defined handshaking
protocol for transmission to another computer. The information is also
used internally to produce signals suitable for controlling position via
a separately excited drive motor. The unit receives instructions
concerning the action to be taken at any marker via the eight-bit port
already mentioned, and can be given speed information for the drive
motor through a second port. Markers can be read at sensor speeds of up
to lms™' and motor speed and braking during positioning are decided by

the navigation routine.

The major achievement of the project has been the production of a
viable and attractive alternative to current automatic guided vehicle
navigation and positioning methods, which has been demonstrated on an
industrial vehicle performing typical tasks. Viability has been enhanced
by employing a microprocessor for sensor data processing in place of
duplicated units of discrete hardware (one for each photodiode). In
this way, the material cost of the system, excluding traction hardware,
was kept as low as £80 (one off). In order to cope with the limited
capacity of a microprocessor, several techniques have been employed to
keep the data processing to a minimum. These techniques include the
design of the markers with their highly ordered data presentation and
the use of a custom light source to define the sensor field of view.
Within the processor, sampling was performed at the minimum reliable

frequency for reconstruction of the image, and data was compressed

through thresholding and encoding. Such was the success of this
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methodology that the decision processes of the navigation system were
interleaved with the sensor software to run in the same microprocessor

and yet the specification of a 250 Hp sampling period was comfortably

achieved.

8.5 The Next Steps.

The position sensor was an exercise in minimizing the processing power
required to perform a specified set of tasks based on commercial
automatic vehicle requirements. This has produced a viable system
implemented in a Z~-80A microprocessor which has been used on a practical
vehicle. The next step is to trade off the associated problems
described above against the cost and connotations of larger and moxre

powerful processing systems.

Manufacturing could be simplified by using a solid-state camera and a
d.c. visible light source as already discussed. This would be a
Justifiable course of action since the severe constraints on field of
view and image content must be eased to increase system versatility.
More detailed images demand higher resolution in detection and more
varied image contents require more bits to describe them. In addition
to widening the scope of the sensor, the capabilities of the vehicle
system must be extended to taking decisions based on past events rather
than relying solely on recognition processes. In the case of a large
number of locations, the present system would require X unique markers,
and X unique templates for X locations. If the system built up a map of
its environment, locations could be addressed much like houses on a
street using fewer numbers, combined with road identifiers. Complexity
is therefore transferred from the sensor - which has fewer markers to

recognise - to the control process which has to store and assimilate

more data.
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To exploit the capabilities of the present sensor/marker system,

traction control must be redesigned so that braking and acceleration
can be controlled. On the prototype, braking is either purely
frictional, or can be augmented for emergency stops by reversing the
field current. The position system gathers information on vehicle
distance relative to the stopping point with a view to combining
this with the current speed and load for calculating the required
deceleration for accurate positioning. The Route Following system

should also be made capable of operating in reverse so that position

ad justments can be made if the vehicle overshoots.

Before a free-roving vehicle can be considered, the longitudinal and
transverse positioning functions must be combined. At present, vehicle
position is specified by two parameters: the guide-wire indicates where
the route sensor will be and the stop marker gives the final location
of the position sensor. Vehicle attitude is uncertain, especially if
required to stop on a bend in the guide-route. The concept of a
free-roving vehicle is that it will optimize its route through a
cluttered environment to its target and align itself correctly for its
task. This implies accurate positioning of a number of points on the

vehicle relative to one or more points in the environment.

When considering the dream of an automatic vehicle, totally independent
of its surroundings the same approach should be taken as in the design
of the position sensor. There, it was possible to implement real-time
pattern recognition in an eight-bit microprocessor when the problem was
reduced to its minimum requirements. For the next breed of automatic
industrial vehicles, the emphasis should be on defining the

capabilities required rather than the ideals desired.
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Appendix A

COMMERCIAL WIRE-GUIDANCE SYSTEMS
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The most common wire

-guidance vehicle is the simple pallet truck,
followed closely by tugs or tow-tractors. In recent years, more
ambitious designs have encompassed forklift and narrow aisle trucks
and the humble pallet carrier has been given a variety of load
handling mechanisms including lifting tables and roller conveyors.,
Most manufacturers offer a complete automated load handling package
consisting of one or more trucks, specialised load/unload stations and
a central computer. The latter can usually receive instructions
manually from a keyboard oxr dirth from another computer in charge of
production or stock control. One company, Logisticon, sells a wire-
guidance kit to original equipment manufacturers, which has been

applied to narrow aisle trucks as a driver aid by Cleco and Barlow

Handling.

Table Al 1lists the major suppliers of wire-guided vehicles.
Jungheinrich and Malthouse Hunter took over servicing of Robotug
systems when EMI left the market in the mid-seventies after twenty or
so years of involvement. Malthouse claim to be the only European
company specialising solely in driverless vehicle systems. They
narket tractors and pallet carriers under the "Guide-O-Matic”
tradename and offer wire or white line guidance or radio remote
control. The pallet carriers can automatically pull pallets onto
themselves and discharge them at any number of pre-set stations, and
the tractors feature automatic counling. Permanent stopping points are
marked by vermanent magnets set in the floor, whilst reflective discs
can also be placed along the track to mark temporary stations. These
are read by an infra-red sensor on the vehicle.

Jungheinrich also use permanent magnets as a positioning aid to achleve

pa S5cm accuracy. Navigation information is provided by two signals in
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MANUFACTURER

»INSTALLATIONS

Jungheinrich
Malthouse Hunter

Eaton Kenway

Wagner Indumat

BT Rolatruc

Fata Carrago
Babcock

Komatsu Forklift Co.

Triumph International, Swindon

Keebler Distribution Centre, Alsip,
Illinois
Heinrich Heine Warehouse, Karlsruhe,
W. Germany

OVD Warehouse, Oslo, Norway

General Motors, Antwerp, Belgium

Komatsu, Hawasakl, Japan

Table A1 Major Wire-guidance Suppliers.




the guide-wire:

one provides the magnetic field distribution for the
steering system, and the second represents a 'travel’ command .- Where
there is a choice of routes, for instance a branch, the travel signal
will be switched off in the prohibited track, thus routing the truck
along the desired path. This switching may be performed manually or

via magnetic switches activated as the truck passes. The vehicle may
also be requested to stop simply by turning the travel signal off in

a portion of track equal in length to its braking distance. Automatic
positioning is achieved via an on-board microprocessor which can be
programmed to stop at a number of points. In simple systems, the
vehicle keeps track of its position by counting stopping points and
branches in passing. More complex systems use coded markers made up of
several magnets or coils and read by magnetic switches on the truck.
Bach marked location has a unique identifier which the vehicle transmits
to the control computer. This computer works out the desired path and
tells the vehicle which branch to take or whether to stop. The vehicles
travel at 1l.2ms™', reducing to 0.8ms™ for curves, and one model is
bi-directional. lagnetic switches can be vehicle activated to open
doors and overate traffic lights, and the system can be installed
outdoors. Various automatic load transfer devices can be fitted,
including swivelling and side-shifting forks, roller conveyors or
lifting platforms.

Eaton Fenway are licensees of Digitron's Robocarxier together with
Schindler Tifts. Eaton's applications are pallet trucks with 1ifting

olatforms or chain conveyors which are designed to pick up loads from

special fixtures. The vehicles are symmetrical and may travel in either

_ ' . . . . cis s n
direction at speeds up to Ims™ . Tight bends and positioning manoeuvres

are nesotiated at 0.1lms™' . The complete system features central computer
o

control with local control units for dividing the track into sectors
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steering and stopping points for all

and controlling switching,

vehicles in each sector, Positioning is mechanical with four conical

locating pins fixed to the floor at each destination, which mate with

a hydraulic position correction system on the base of the vehicle as

it stops.

To avoid the problems of putting loading fixtures above the guide path,
#agner Indurat have given their pallet trucks all wheel steering. This
enables the vehicles to move sideways to pick up and deposit loads,
leaving the main route free for through traffic. Their fork-1ift trucks
have tactile sensors which detect when the pallet is correctly
positioned and automatically instruct the vehicle to move off.
Communication between vehicles and the central computer is via
inductive transmitter/receivers in the floor and on-board. Alternat-
ively, the vehicles can be manually operated by push-button selection
of on-board programs. Locations and destinations are identified by
markers along the gulde-path - magnets and reflectors - or by
interruption of the traction frequency in the guide-~path. Different
sections of the route can also be given different steering frequencies
and the vehicle programmed to follow the desired signal. At an
installation in the Heye Glassworks at Obenkirchen in Germany, tugs
and trailers are used. Here, positioning is achieved by means of a
light barrier which detects when each trailer is aligned and instructs

the tug to stop. When the load transfer is complete, the tug moves on

until the next trailer breaks the barrier.

Another vehicle featuring load sensors is the BT Rolatruc Automatic

Low Lifter (ALL). This has radar mounted on the fork tips to sense the
closeness of the pallet and slow the vehicle to creep speed during

pick-up. They are also used as safety devices to detect unexpected
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obstructions,

Feelers are mounted on-either side of the truck to ensure

the path 1s wide enough to accept the load. The AIL has castors and a

single drive wheel, with a steering sensor at each end to facilitate

travel in either direction. It travels at three pre-programmed speeds

of 0.15, 0.6 and 1.1ms~'. BT also produce an Automatic Pallet Mover
- a flat bed carrier which can be fitted with a 1lifting table or a

conveyor.

One of the problems with wire-guidance systems is the space required

to operate traffic in both directions, since in general this requires
two guide-wires or a complicated sectioned track with passing loops.
Carrago Transport System AB of Sweden has overcome this problem with
their pallet trucks which are capable of leaving the wire for short
intervals to facilitate overtaking or passing. This also allows access
to areas such as 1ifts where a wire cannot be laid. Each vehicle has
its own on-board microprocessor which can be programmed with the task.
As tasks are executed, vehicles can communicate with each other directly
to update their relative positions. For larger installations, a central
computer is provided to co-ordinate routing and tasks. All vehicles
have optical scanners to sense obstacles, and travelling speed varies

- -1 .
from 1.25ms™' forwards to 0.5ms” in reverse.

Babcock market a system of flat-bed carriers which only accept special
'1011l containers'. These are trolleys, mainly used 1n hospitals for

meals distribution, laundry collection etc. Two types of carrier are

nroduced: a drive under tug with a locating pin which locks onto the

load and tows it to its destination, and the 'Automatic Transfer Hobot'

which is fitted with a roller conveyor. In this system, the container

is programmed with the destination which is set up as a magnetic code

on the base and read by inductive sensors on the vehicle. The latter
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then decides

1ts own shortest route and begins the task. In simple

systems, the route is divided into loops, only one of which is

activated at a time. The vehicle can activate a loop through control

elements set in the floor. Multi-frequency systems again have several
loops, but each has a different frequency signal and is permanently

activated. Route selection takes place on-board with the vehicle

deciding which signal to follow. Speed varies from O.lms'l when

1

positioning, to a maximum of 1.5ms~

All the vehicles mentioned so far interact with special loading
stations. Komatsu Forklift have developed a system to enable random
stacking of pallet loads without the need for racking. Their design is
a standard manual fork-1lift truck fitted with a motor with chain drive
to the steering column, inductive sensors on the chassis and ultrasonic
sensors on the forks and mast. The guide route is set out as a series
of parallel lanes and carries a steering signal and a traction signal
to control acceleration and braking. When a truck enters a lane, the
ultrasonic sensors scan for the presence or absence of pallet loads at
various heights. If it is unloading, the forks are moved to the height
of the lowest void and proximity sensors are used to guide the pallet
in relation to adjacent loads. This allows for position variations due
to compression of stacked loads. For loading, the forks are guided to
the topmost pallet in the stack. A central computer co-ordinates the

vehicles and keeps an inventory of where stocks have been stored.

Other companies involved in wire-guidance include Lansing Bagnell who

use the system as an auto-pilot to aid drivers of their turret trucks.

Volvo and Telelift Transcar both use metal tape as the guide route and

Mazda of Japan advertise wire-guided golf trolleys. A number of

Japanese companies have AGV developments, mainly for use within their
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own companies.

A 1list of the companies mentioned here, together with

contact addresses, may be found in the List of References
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PROJECT SOFTWARE
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B.1l Navigation Program.

This program embodies both the sensor control and data processing, and
the navigation software described in chapters 5 and 6 respectively. The
sensor software controls the operation of the infra-red emitters and
the sampling of the detectors, and also performs filtering and
thresholding of the incoming signals before compressing the image data
into an eight-bit word which is compared with a pre-programmed set of
templates. Interfacing to the navigation software is achieved via a flag
signifying a true match, and a pointer to the matched template. The
navigation software has to deal with two situations: travelling to the
next location requested by Vehicle Executive, and positioning at the
task location. Each situation is dealt with by a loop which samples the
sensor and decides the next action based on sensor output and
Executive's instructions. Operation alternates between the two loops

as the vehicle task requires. Communications with Executive take place
via the Communications Handler and follows the standard protocol. In

addition, the Navigation program communicates with the Traction

sub-system over a direct link.

B.1.1 Program Layout.

Memory address

Program Start (start of PROM) 00O0OH
Start of RAM 1800H
End of RAM - 1CO0H
Bottom of Stack 1CO0H
Start of Tables 0003H
Interrupt Mode 2

1800H

Interrupt Service Routine Address held at

- 170 -



Initialisations

Clear RAM.

Clear interrupts.

Load interrupt vectors and addresses.
Initialise PIOs.

Enable interrupts.

Navigating Loop:
Initialise flags.
Wait for instructions from Executive.

LOOP

Take one sensor sample.

Check for any change in instructions from Executive.

If no marker has been recognised, continue from LOOP.

If marker is requested location, tell Executive and jump
to the positioning loop.

Tell Executive current position and continue from LOOP.

Positioning Loop:

Tell Traction to slow down.
Initialise flags.

Loop 2

Take one sensor sample.

Check for any change in instructions from Executlve.

If no marker has been recognised, continue from LOOP 2.

Send to Traction the speed demand corresponding to marker

view recognised.
If the centre of the marker has not been reached,
continue from LOOP 2.

If central view recognised, tell Traction to stop, tell Executive
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the task 1s completed, and wait for further instructions

The sub-routines will now be described individually, followed by the

assembled program listing.

B.1.2 Sub-routines.

SETPT
Sets the PIOs to their initial conditions.
Entry Requirements: none.
Exit Status: register A modified, PIOs set up as described in listing.
BLINK
Sends out a Start Of Conversion (SOC) pulse to the ADCs and waits for
the returning End Of Convert (EOC). During the conversion time, the
first ADC address is output.
Entry Requirements: variable ADATA must hold current data on
PIO 2 port A.
Exit Statué: register A modified, variable ADATA updated.
MUX
Reads the ADC data bus and stores in register C, then increments
current ADC address.
Entry Requirements: variable ADATA must hold current data on
PIO 2 port A.
Exit Status: register A modified, variable ADATA updated, ADC reading
in register C.
NEWTOT

Performs first adjustment of running total and stores latest 'On’

reading.

Entry Requirements: register IX must point to running total for
detector being sampled, IY must point to oldest

reading in Sample table, C must hold latest
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'On' reading.

Exit Status: register A modified, Total and Reading tables updated.

SUBT
Performs second adjustment of running total, and filtering of the

current detector reading.

Entry Requirements: as NEWTOT, except C holds latest 'Off' reading.

Exit Status: as NEWTOT.

THRESH

Thresholds completed running total and stores result in array

CODE.

Entry Requirements: IY points to threshold for 'White', IX points to

current Total.

Exit Status: array CODE updated, bit O of FLAG set if sample is invalid,
reset otherwise, register A modified.

DECODE

This routine is entered after a complete sample of all eight detectors.

If bit O of FLAG is reset, the routine takes the word CODE and tries

to match it with one of the templates held in store.

Entry Requirements: bit 2 of variable FLAG reset.

Exit Status: register A modified. If a match is found, bit 2 of FLAG is
set, register pair HL point to the marker identity,
registers B and C are modified.

SAMIC

Sets up initial conditions for sampling for location markers.

Entry Requirements: none.
Exit Status: IX and IY point to the top of the Total and Sample tables

respectively, and these tables are cleared. The template

table pointer TAB4 points to the location marker template

table. FLAG and CODE are reset and ADATA initialised.

Registers A, B, H and L modified.
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EDGIC

Sets up initial conditions for sampling for a stop marker.
Entry Requirements: none.
Exit Status: same as SAMIC, except TABU points to the stop marker
template table.
SAMPLE
Deals with all the sensor control and data processing for one sensor
sample (see chapter 5).
Entry Requirements: variable ADATA holds current data on PIO 2 port A,
IX and IY point to the current position in the
Total and Sample tables respectively.
Exit Status: registers IX, IY, A, B, C modified.
INSTRS
Halts the processor and waits for Executive to interrupt. Then it
stores the information received.
Entry Requirements: none.
Exit Status: registers H, L, D, E, A modified.
CHK
Checks to see if new information has arrived from Executive.
Entry Requirements: none.
Exit Status: registers H, L, A modified, variable LOCSTP updated
with requested location. This routine changes its return

address according to the new instructions.

FLAGS .
Clears CODE and FLAGS

1OCuP

Initiates communications with Vehicle Executive.
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B.1.3 Communications Handler.

The handler contains an interrupt service routine for Vehicle Executive

initiated interrupts, and controls the handshaking for transfer of

information between sub-system and Executive. Incoming data is stored

in variable INFO and outgoing data is read from variable OUTFO.
CINT

This is the interrupt service routine. All register contents are saved

on the stack and routine COMIN is called to interrupt Vehicle Executive

in return. Then the registers are restored, interrupts are enabled and

a RETI executed.

Entry Requirements: interrupt initiated.

Exit Status: variable INFO updated.

COMIN

This routine is called from the interrupt service routine and deals

with all communications requests from Vehicle Executive. First, the

communications control word is read from PIO O port B to ascertain the

direction of data transfer requested.

TX: Sub-system to Executive - the 16 bytes of variable OUTFO are
transferred to Executive serially via
PIO O port B according to the protocol.

RX: Executive to sub-system - 16 bytes of data are read serially
through PIO 0 port B according to the
protocol.

ERROR

Called if fewer than 16 bytes are received during RX (this check is in

VERIN). In this event, the sub-system requests message repeat through

COMOUT.

COMOUT

Requests communication with the executive according to the protocol.

i i trol word must be in A.
Entry Requirements: the correct communicatlons con
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Exit Status: registers A and B modified

AGAIN

If the executive is busy servicing a higher order sub-system, COMOUT

is repeated.

MNSTCK

If the correct handshake signal is not received from Executive at any
time, this routine is accessed to decide on the action to be taken.
CINIT

Sets PIO O (communications) to quiescent conditions stated in the

communications protocol. It is called during initialisation and on

exit from either COMOUT or COMIN.
Entry Requirements: none.

Exit Status: a register modified, PIO O set to initial conditions.
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(Wit

FolyZap V2.0

FC&/1 FOR ML SENSOR 2-3-83 A: RAKER
PUPCOEALY FOSTITION COMTROL

i WITH COMMUNICATI0ONS
;**********X************X******i

X PROGRAM TO RECOGNIZE RINARY ¥

i ¥ CODED MARKERS USING THE ¥
¥ INFRA-RED DETECTION UNIT ¥
¥ 4501672, MEL SENSOR. %
i* ALHRAKER 20-4-82 ¥
HR THIS YERSION 2-3-8% %
3 RXKHXOE RO E KO KO0 KKk o XF ¥

:CONSTANTS

x

OG00 X EQU Q000H :MEMORY QFFSETD
G000 SROM EQU OH+X
18200 RAMTOF  EQU 1800H+Y
1CO0 RAMEND  EQU 1COOH+X
OOO0 Fi1 EQU O
0001 EQU 1
OO0 EQU 2
OO0 EQU =
0004 EQUL 4
0005 EQU S
O0O0O& EQU &
0007 EQU 7
Q00 EQU 8
OO0 EQU @
RTRIRTAY EQU OAH
OOOR EQU ORBRH
OOO0 ORG SROM
0000 IDNT $,%
OO00 1B3E JR GO
; 3KOKOKOKOKOK KOK XOKOKOKOKOKOKOK KKK KOK 0K KOKOKOK KK K E0OKOKOK KO KK R K0k
;: TARLES

0002 2201A201  THRON  DEFW 290,418,473,434

0O0A F401C801 DEFW 308,456,707,406
0017 BBOOC700  THROFF  DEFW 176,199,242, 156
O01A AODOOL01 DEFW 160,262,744, 130
2022 SLOW!1  DEFE 20 N
‘:.“:)f: ‘}’g [‘ZILDFF— DEFE 8 2 0000/ 1000
9%”: ac o DEFE 8CH $1000/1100
L:)(: ::': Z‘ﬁ DEFE 46H 10100 /(’)1~ 10
QQ:Q 3 DEFE OAZH S 10O10/0011
(:)(:)Lé) S‘ DEFE S1H 203101 /0001
o UE? 2 DEFR ZOH 20010 /0000 /
oo 2(:) DEFE 10H 10001 /0000
ooon 14 DEFE lilH SO001 /0100 207 0.0,
O0RA 14 :
557; 14 DEFE 14H
0 DEFE 14H

DEFE O

DEFR 14H .

DEFE 14H

DEFR 14H ‘

p YAk DEFRO78H :‘_’ ?{ ()’11 //11(;:(1){_:
DEFE SAH : ('* 1 -
DEFR TCH ERNTRE IR IR IS R LRI
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FolyZap V2.

O0O3ED
Q040
004z
O04=

Q0a4L

Q048R
OO4R
OOQ4E
QO4F
0031

Q0S4
Q057
00o9
QOSE
OOSE
0061

OO63
0064

0066
0068
Q06A
006&C
006E
Q070
0072
0074
0076
0078
0079
OO7E
QO7E

0081
o084
00OBée
008E8
O0RA
[RIRI=)S]
OO0
OO
O0F4
007

1E
A
00
02
01
0=
(319
0%

06

210000
0647
18018

S
ot

10FD

Z1001C
2159100
ES
ED4D
21650X
220018
TELB
ED47
CDh2Z01
216118
360A

T6FF

EDSE
FEOQO
D301
JE77
D301
ZE7H
DZ0O1
ZEBE
D201
FE
IEFF
z28218

CDEEOZ

CD1FO2
ZE4O
DI04
TEOD
26118

FC& L

EDImM
LEM
EDLEN

GO

L1

av

CLRI

%

FOR MEL SENSOR S i-83 AL RAKER

DEFE 1EH OO0 /1110G
DEFR 0AZH 101070011
DEFR O

DEFE 2

DEFR 1

DEFE =

DEFR OEH

DEFE 5

DEFR 6

LD HL, O

LD B, 71

LD SF,RAMTOF+140

FUSH HL

DINZ L1 :CLEAR RAM

LD SF, RAMEND

LD HL,CLRI

FUSH HL

RETI ; CLEAR INTERRUFTS
LD HL,CINT

LD (ISRAD) ,HL

LD A, 18H

LD I.A ;HIGH BYTE OF ISRAD
CALL SETFT :INITIALIZE Fl0e

D HL,OUTFO :INITALIZE QUTFO

LD (HL)Y .0AH

INC HL

LD (HL),OFFH

Mz

LD A0

ouUT (F1C),A :LOW BYTE OF ISRAD

LD A,77H

QuUT (F1C),A :AND & HIGH

LD A, 7EH 20111/1011

ouT (F1C),A s INTERRUFT MASE

LD A,83H

oUT (F1D),A sENARLE FIO INTERRUFTS
El

LD A,OFFH

LD (INCHE) ,A

CALL INSTRS (FICK UF INSTRUCTIONS

:*****i***********************#**x***i****

NAVIGATING

;****************************************X

OFLOF

(B

CALL SAMIC :1Cs FOR SAMPLING
LD A,40H o
ouT (F3) LA SRET SFEED CTL TQ EXEC
LD A,O N

LD (QUTFOD ,A JUFDATE STATUS

LD A, (LOCN)

CF OEH -

JE 7,01

LD (OUTFEO+1) .4 o

CALL 1.OCUF STELL . E4F1
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Folylap V2.0 FESAE FOR Moy

SENGQOR

DR L RAKITR

DOGA CD7E0 5 CALL 5
- AL SAMELE
OOSD TANZ1E LD & i1 am e
BOBO CRS7 E(i TH .‘ .;Lr\l:- ) STEST FOR MATCH
O0ORT ( JRONZ,ACTION sJUMF TF MATCH
004 CTDAROM a7 CALL FLAGS
OOA7 CDRSO: < S e
ﬁﬁ:g 1éE;U“ CALL CHE iCHECE FOR IMNSTR CHANGE
C S IR 8AM sCONTINUE SAMPLING
OOAL ZATROO ACTION LD A, (LEND
OOAF 4F . LD C,A
OQORO OD DEC C
OOR1 0600 LD EB,O
QOB 09 ADD HL, EC THL MATCHED TEMFLATE
7E LD A, (HL)
JORS iAULlB LB (LOCN) ,A sUFDATE LOCN
OORg ZAB118 LD A, (LOCSTF) LOCN™ STOF FOINT
OORRB RE CFP (HL)
OORC 2012 JR NZ,J8
QORE ZA0218 LD A, (FLAG WHICH EDGE 7O STOF AT?
00C1 CR&7 RIT 4.4
OOCT 281D JR Z.CLOF DEARIUME TO FOSITIONING
: IF FIRST EDGE
OOCS CRA7 RES 4.4
QOC7 220218 LD (FLAG) , A
OOCA ZATA0D LD A, (EDIM)
OOCD Z28118 LD (LOCSTF)Y.A :DES LOCN := 1st EDGE
0ODO ZA0C18 Ja LD A, (LOCN
OODT FEOE CF OEH
oODS 28CD JR 2,32 s CONTINUE SAMFLING
QOD7 326218 LD (BUTFO+1).A
OODA CDS90= CALL LQOCcur
OODD CDAZQ4 CALL WAIT
QOEO 18C2 JR 33 s CONTINUE SAMFLING
?*****#**X#*##********X*******************
H FOSITIONING
B2 205 22022033022 22200030032023 000800020288
OOEZ 3IAZZ00 CLOF LD A, (SLOW1)
OOES R ouT (FZY,A : TAKE OVER SFEED €CTL
QQE7 LD A2 2OO00O/0011
QOES LD (QUTFDO) . A UFDATE STATUS
QOEC ZA711R LD A, CINFO)
OOEF 226218 LD (QUTFCG+17) .4
OOF2 CD520™ CALL LOCUFR ) o
QOOFS CD4AOZ CALL EDGIC SINIT CONDS FOR EDGSAM
QQFR CD7502 EDGSAM  CALL SAMFLE ,
OOFR TAO21R LD A, (FLAG
OOFE CES7 EIT 2.A N e
a100 2008 JR NZ.ACTZ S JUMFE IF MATCH
0102 CDARO™ [0S CALL FLAGS ] . o
0105 CDhRs0™ CAll. CHE s CHEECE FQHwIN§1H &HANhE
m1i08 18EF JF EDGSAN :CONT IHUE  SAMPL TG
O10OA FARCOO BT LI aEDUERD
010D 4F Lo a
O1OE OLIO (IR S

SR ) DL HE LT S FATUNE D R AR
1 1) L Ay ) )
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Boal oy e W

Gy 2k

112 DG4
0114 FEOQO
O116 2J0EN

olrg
O1 16
aor1n
Ol

01
01327
0129 DIOL
0128 ZEFF
0120
O1Z2F ZTEFF
G121 DZOZ

[RRPRIRS

01325 DIZO9
O1Z7
0139 D309
0O1ZR ZJE10
Q12D D3IOR

O13%F
0141

0147
0145

ZEFF

147

114y L
O1AR TEOO
Ota4aD DEGH
1 Aar TRon
[ER TS B REE

F.-

Cozt VR MET QENSQ
LD AL (ML
QUT (F2y 4
CF o

JR NZ,Cx

LD A, ORH

LD (QUTFO)
LQCuE
CALL

.

CALL
INSTRG

¥¥* END Q

2 222223233 32228 1

R2-2-82 AU BAKER
PACHAS SPEED
sSEND TO sCu
:CONT INUE SAMPLING

DEMANT)

s IF NOT AT FINAL FOSN
S0000/101 1
A s UFDATE STATUS
:TELL Y. EXEC
THWALT FOR INSTRS

FOFROGAM ¥ xx

(2222