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Abstract | -

Within the modern manufacturing envirc;nment, there is a multitude of different types of
equipment cooperating to manufacture today‘s' end products. The Automated Guided Vehicles
(AGVs),. which are an integral part of such a factory, are the curreng state of the art \?ith respect to
material handling systems. These AGVs, which a'it; frequently ihteracting 'with other
manufactunng units (robots machine tools, loading/unloading devices, £tc.); would benef] ,; from
an ablhty to measure their absolutc position along thé gmdepath This pOSltl(;n measurement
{;apablhty could improve the existing AGV's ability to make routigg decisions and handle the

-

problems associated with their traffic mapagcmsn}. .
In this thesis the application of pseudorandom binéry seqt_l_encps-té' the absolute position
_measurement of an AGV will be cprorcd and invcsﬁgated. In pafficular, two new techniques that
enhance the applicability of pseudorandom cncodmg of ‘position, as a cost-effective upgrading

feature for the industrial AGVS, will be dlscusscd - | . J

iii, /
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R "C'hapter 1 - Introduction

1 1 Background ,
“The field of robotics is: prescntly elicitinga widespread i interest and being recognized as a

formal discipline of study and research. Robotics, as a system science, has come to encompass a_

" -yery broad range of subjects requiring the talents of people from several disciplixics of study, such

" as kmcmatlcs, dyna:mcs planmng systems, control sensing, programmlg languages, and

machine mtcllxgencc. An important reason for the ked érowth in this field is the increase in the

different appiications for which robotic abilities ‘are being considered. The pervasiveness of

robotics is evidenced by t the folIowmg list of potential appﬁc’:anons -
: dccbmnnssmmng nuclear power plants v
Al patrolling a prison :

-

mining pm(:lous metals on the ocean bed ‘
mechanical "guide dogs" for the blind

office mail delivery system , _ :

spatial tasks - ’ -
domestic servant )
‘manufacturing plant tasks -

fast food work ~ . 1

\

Robots are part of an cvolvinﬁ technology that has concentrated on developing machines that &o ¢
work, usually done by pcopiél But how did the idea for the tasks of robots develop to include

such a diverse scope?

The word rebot is derived from robota, the Czech wpr& for serf or forc;ed labor, and was
introduced to the English language by the ‘Czech playwright, Karl Capek, in his play, R.U.R.
(Rossum's Universal Robots). In this play, a factory owner, called Rossum, turns out machines
that resemble people but differ in that they haveﬂa wonderful ca;acity for work. These robots
become miore advanced and evcntua_lly revolt and overcome their masters. This fictional play along
with the subsequent viewpoints of several authors is responsible for the views popularly held

towards robots to this day, including the perception of robots as humanlike machines endowed

with intelligence and individual personalities. , -



1._2" Robotic Tgchlnology'Today

.' Although the ward robot has come to encompass a vast number of ideas, there is no precise
single deﬁmnon of this word. However. a reasonable general definition of robot: would be a
progmmmable machme that, In some aspect of appearance or bchavxor, imitates men or women. In
this contéxt the andr01d can be consxdcmd asa spccml form of robot, which most stmngly agrees
with the original mtroducnon of the word robota to the Enghsh lan guage The computcr controlled
mec‘h?mal arms of the factory roor can be categorized as robots bccause they act, at least in part,
like a person. Another type of robot is the telechiric device, which is a mechanical arm that works
under the éommanci'of an operator who sits some.considerable distance from the actual assembly.

The person who opcratcs this device is called a teleoperator.

‘-._

3 . '

An important point with respect to the independence of different typesbf robotig systems,
as shown in Figure-1, is the general notion that there are two extremes of operation for these

systems. In the one extreme, in order to make it possible for a robot to be completely autonomous,

Sn'uctured Un ctured
- gtru u
Environmeht - ’ Environment
Autonomous < ' _p Teleoperated
~ Control Hybid Control
ot . Contro] _

Fignee 1.1 - Range of Robotic Systems

»
+ ‘:\...

it is necessary to structure the environment. For example, the industrial robot is capable of
working autonofmously in a manufacturing plant because of the limitations imposed on the possible -
events in the system. On the other hand, teleoperation - a human in the feedback path ) is required
in order to cope with a completely unstructured world. It is worth npting that between these
two extremes, autonomous and telco;er:ated, lies the valuable hybrid approach which allows a

human supervisor to intervene when necessary. The general research trend seems to be towards



the development of robotic systems capable of operating independently. in more unstructured
environments, = - - i | | /

It is important to understand the meaning and implications of the words autonomy and
structure with respect to robotic systems. Autoxi‘omy refers'ta.the ability of such a system to
perform actions without hurpgn intervention. The quality and the kind of actions that can be
performed by the robot will determine the degree of auto:\{omy of the system, Therefore, through
an improvement in autonbmy the robot should be able to complete tasks more effectively 'and
efficiently. Two factors that can improvc the self-action ability of a robotic system are the quality
and quantity of input data from the environment, and the capacity to process that input data. In-his
context, s;ruEt_ﬁ‘l‘ing*of ‘the environment can refer to the providing of information, external to the
robot and upon which the robot can base decisions. But, other structures in the env'ironmcnt,
instead df providing input data to facilitate decisions, simply constrain robot motion to make it
- manageable. This distinction between differen‘t types of structure and their effects is important
because in the first sense, the autonomy of the system is being improved, whereas in the latter it is
bcing.r;movcd. As a final point, structuring to provide input data must be in a physical form

readily able t\o be perceived by a robotic system.
{

Having given a brief overview of the broad field of robotics, it would be appropriate to
address_ithc specific area of interest for this thesis - the manufz{c':turinghcnvironmcnt. Historically,
the first 'tiitempt to auidmate existing manufacturing facilities relied on the introduction of automatic
'machinc;y to continually rcpéa: a specific operation. Although this method, called "hard
automation", is effective for very large batches of products, it lacks flexibility and adaptability.
The industrial robot, which is defined by the Robotics Industries Association as:

.2 programmable multifunctional manipulator designed to move materials, parts, tools, or
specialized devices through variable programmed motions for the performance of a variety of tasks

and, which was first introduced in 1959 by Unimation, has produced a different set of operating

procedures for the factory. The programmable capability of the industrial robot has promoted the

3



development of the idea of "soft automation", which is effective for product variations and small to

medium batch production.

1.3 - Automated Gulded Vehicles - - ~

Other machmes, which have promoted the modern concepts of "soft automatxon" arg
computer numerically controlled machines and automated guided vehicles (AGVs). Of particular
interest are the recent devc\lopmcpgg.of the AGYV as a critical part of 'any modcrﬁ flexible
mwanufacturing system. To begin with, a strict definition of an AGV from the Material Handling
Institute is: | '

a vehicle equipped with automatic guidance equipment, cither clcctromp,;ncue or optical, Such a
vehicle is capable of following prefcribed guidepaths and may be equipped for vehicle
programming and stop sclection, blocking, and any other special functions required by the system, *

That is to say, an AGV is a vehicle with a limited degree of autonomy in an orderly cm)_ironmcnt
and it is quite distinct from an industrial robot. The difference is that an AGV follows a guidepath
while ardbot does not and an AGV without-a robot arm cannot be considered to be a manipulator.
'Just as the different robotic t:erms can be confusing, there is a similar problem with the vehicular
terms. In order to rcmain clear, a concise definition of the associated vehicular 1crm§ 1s necessary.,
A free-ranging AGV is defined as an AGV with a degree of autonomy such that a physical
- guidepath is nof necessary. A mobile robot is defined as an AGV with an industrial robot mounted

on it.

Having focussed the discussion from the broad field of robcﬂgs dﬁto the specific topic of
interest, AGV's within a manufacturing environment, it can be stated that the essential point of this
thesis is to improve the autonomic ability of each AGV by the addition of structured information to
the environment. The next chapter discusses the motivations for fuﬁhcr pursuing this subject, an

evaluation of the existing technology, and a presentation of the proposed enhancement.

=
e
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CHAPTER 2-- Justification for the Research

.4

2.1 Motivations

Having established that the target application area is AGVs within a manufacturing

environment, a further discussion thh respect ‘to the sxgmﬁcancc of these devices would be

appropriate. ‘As was stated in the prcvmus c'haptcr the concept of "soft automation" is important
for current manufacturing systems. More specifically, flexibility and adaptability are becoming
almost absolutely necessary for the factory f ﬂoor [5]. 'Flcxibility in ménufacturing a_Ilows rapid
responses to be made to changing dcmands and circumstances (optumzmg and adapting producuon
schedulgs as a function of resource ava1]ab1l1ty, producing vanants of sumlar products, responding
to changes in customer demands, etc.). Adaptability in manufacturing allows today's systems to
makc future changes at a reasonable cost (coping with shprt pro/d/uct life cycles, responding to
market trends, etc.). Automated guided vehiclé' systems (AGVSs) are an important research and
development topic as they répresent a promising technc;logy that can imﬁrove the current state of

flexibility and adaptability on the factory floor. . n

The specific ways in whxch AGVSs can or do support these automation pnnC1plcs in the

present industrial situation should be presented [5—11]. Fn'stly, because the mapped routes or

physical guidepaths can be reconfigured, it is fairly easy to adapt to changes in product design and

factory machine layouts without major further capital expenditure. Secondly, the control over the

P

factory machine layout allows complicated networks of material flow with alternate or parallel
routes between processes. This redundancy improves reliability by ensuring that individual
breakdowns do not disturb the whole system. Thirdly, the programmability of the AGYV is a basic
versatility w_hich makes variable product routing and zisynchroﬁous assembly possible. Fourthly, a
diversity of AGVs can follow the same guidepath and perform different functions (interface with
different types of automatic equipment, etc.). Fifthly, AGVSs provi.dc adaptability by not being
obstructivé, i.e. taking up valuable floor space and prcscnting a barrier to the free movement of

personnel.  Sixthly, these systems can operate in a hazardous or clean-room environments.



-

Finally, the capability of full computer contro] and syst;iﬁ_i;ncgration into an overall production

management computer is a notable advantage of AGVSs.

- Hence, there are several obvious ways in which AGVSs currently promote the general
intention of "soft automation”, but as Qith most systems there is room for improvement. Basic
improvements in AGV guidance capabilities is a topic which has received a considerable amount of
(intcrcst for being able to extend the éurreht trends of AGVSs. A close attention has been paidlto
improving ghidance iechniqucS since, with thi§ approach, there are potential implicﬁtions from the

_ lowest level of AGV rbuting on to the highest level of system aécountability. |
2.2 Evaluation of Exisfing AGV Navigation Techniques
As ifs riame implies, an AGV requires a navigation system which generally mﬁst be
composed of two 'part-s. One part, which is external to the AGV, refers to the guiding structﬁrcs
set up within the manufacturing cnvironme_nt. Another pért, residing within each AGV, allows the

Al

AGY to determine its location in the surroundings by using the structures of the first part.

o p—

The pros and cons of seven principle guidance techniques will be discuésed independently

{12, 13]. These principle methods can be divided into two groups upon the basis shown below:

physical guidepath (AGV) virtual guidepath (free ranging AGV)
_ - mechanical - dead reckoning -
- inductive ' - beacon system
- optical/chemical/magnetic - - inertial navigation system
- direct imaging system

The virtual guidepath refers to a guidepath that must be derived from indirect indicators by the
. AGVs. In order to make the evaluation, it is necessary to enumerate the performance criteria to be
applied to each guidance technique and the different qualitative terms to be used for rating

purposes. T



*  Range - How far can an AGV be guided by the technology consulcred? .

s+ Accuracy - By how much will the track of the AGV deviate from the bbsiﬁon of an ideal
guidepath? . . ' ‘

+ Modification - How much effort and cost is necessary to move a guidepath in order to adapt
to changed operational requirements?

«  Reliability - What is the probability of a malfunction of the navigation system considered in ]
industrial use? . | R

o Controllability - What are the means of traffic control intrinsic to the navigation sysieni?

» Vehicle equipment cost - What is the cost of the navigation cquipinent needed aboard the
AGYV based on an estimation 'of complexity and maintenance requirements? -

« Stationary equipment cost - What is the cost of the navigation equipment infrastructure
needed based on an estimation of its complexity and maintenance requirements?

s Range for the performance qualification words :
' , -
Poor ----- Acceptable ----- Medium ----- Good ----- Excellent

Having pfescmcd a list of the evaluation criteria and the verbal descriptive scale, a brief .

performance assessment of each of the above stated navigation techniques will be given.

, A
2.2.1 Physical Guidepath AGVs . "o ~

For these methods, the external structuring of the environment refets to a physical form of

the guidepath, and the necessary stop/start places for servicing the manufacturing equipment.

nical Gui o ¢

This technique uses some form of rails, directly or indirectly, to guide the vehicle.
Although strong (good or excellent) in the areas of range, accuracy, reliability, and vehicle
equipment cost, this method is particularly weak (poor or_acceptable).in modification, ’
controllability and stationary‘equipment cost. In short, the mechanical guidepatﬁ is of minor

importance in modern AGYV systems and it is considered here only for the sake of cc;mpleteness. v

Ny



Inductive Guidepatt _ _ -

Presently, this is the most widely used guidance tcchni’que fdr industrial AGVs. This
method uses a network of buried cables, arranged in the forﬁ of closed loopé. each with an
alternating current (a.c.) signal .of a different ffcquency,. By dctecting‘ this current via
. \elcctromagnetic induction, it is possible to generate an error s{{gnal which is.used to steer the AGV
such that it follows the gu%dgpath. In such nct‘works as well as steering cables, communication

cables, which allow linking bctwecﬁ each AGV and a network super*)isory computer, are

available.

Com

The range of this methed is ggggi but it is limited Hy the drive capability of the a.c. current

amplifier used. "The accuracy of this method is gQ_o_gi but it is limited by tolerances in cutting the

AR

wire-slotintd the floor and by distortions of thc‘clecu'omagnctic field caused by metallic objects in |

the vicinity of the gnidepath. The reliability and the controllability of this system arc gxcellent
while the vehicle equipment cost is good. The weaknesses (medium) of this approach are in
modification and stationary equipment cost, i.e. it is difficult and expensive to reconfigure the

‘'mapped routes of the AGVS.

~ .__________.7—;4"5"""‘"

ical/Chemical ic Guidepath hd
In this case, the system that is involved is similar to wire-guided AGVs cxcépt that these
systems follow passive stripes on the floor. Like wire-guided systems an error signal, using

proximity sensors, is generated to allow the AGV to track the guidepath.

The advantages and disadvantages of this method are considerably different from the
frrc\.rio.us one. The passive nature of the guidepath ensures that the range ﬁcrfonnancc, which is
excellent, is not affected by ciistance. The stationary equipment cost is also gxcellent because the
cost per unit length is the lowest of all physical guidepath systems. The modification is good

—because it is easier to change the existing network layout for guidepaths, that are attaghcd to the
surface of the floor by painting or adhesive bonding. Since this approach has é guidepath which is

vulnerable to the cleanl—ingés of the environment, the reliability only has a medium rating. For

-

8



»
similar reasons the vehicle equipment cost has the same qualitati\)e valuer The biggest deficiency is
with the poor controliability of this system which is caused by the passive nature of the track and

- - - Tl &
the absence of an inherent communication ability.

2.2.2 Free-Ranging' AGV Methods

These methods rcqui}e that each AGV is capable of eomel_;ow estimating its absolute
position and orientation withlin the environment. This coordinative information is critical to the
de-\‘zelopmcnt and following of the virtual guidepath. Tile structuring of the environment for these
methods refers to the referc.mce points or-landmarks for absolute location identification. With these

navigation techniques, the modification and stationary.equipment cost will be assumed to be

#
Dead Reckoning

Dead reckoning is a technique:w'here the relative position and orientation of a vehicle is

, unless stated otherwise, due to the fact that a physical guidepath is not necessary. ..

tracked by using an optical encoder or resolver to n;eesure the precise rotation of each drive wheel.
With these relative values it is possible to-extrapolate an AGV's movement from a known reference
‘point without a p‘}wsieal guidepath. |
With onljr tﬁe floor quaiity 'playing an important part in the reliability assessment, it is
good. Since the equipm)ent required for this approach is elready availa__ble with most modern
AGVs, the vehicle equipment cost is' good. The problems with this method are with the range,
accuraoy, and controllability. The rangel is poor because dead reckoning is eséentially an open loop
system where the errors of the odometric system are caused by wheel slippage, floor unevenness,
etc. The accuracy wh'tch is strongly interdependent with the range is ag_csmaﬂe for limited

distances. The incapacity for communication is the primary reason for the inferior (poor)

controllabili:y,

'
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. Beacon Systems
Several beacons are fixed at appropriate locations in the sun‘oundfngs If the AGV knows
the prec1se positions of these beacons and it can measire its exact distance and direction from any

one beacon, thcn it can calculatc its own location in the environment.

_ ~The range and accuracy are both dependent on the distance of tht; AGY from the beacon.
This probllcm is further.amplified by the fact that beacons require unobstructed line of sight for
proper operation which in the end results in the range and accuracy having a medium rating. The
controllability and vehicle equipment cost are similarly m;_djm but the main drawbacks are with
the acceptable opinion for the reliability anci stationary equipment cost. The main reason for the

reliability inadequacy is because of drift effcct; whereas the expensive price of beacon

" transmitter/receiver systems produces the low grade for the stationary equipment cost.

* Inertial Navigation Systems
This method measures translational and rotational accclcratioﬁ of the AGV and then
. deduces its position and heading relative to a reference point by double integration of the respective
accelerations. The physical setup can consist of a gyroscope which has been located on the AGV
such that itis parallel to the direction of motion on the vehicle. The detected gyroscopic Qaﬁations,
which record the history of vehicle motion, are utilized to measure the relative position and

orientation with respect to a reference location and thereby, estimate the AGV's absolutc location,

Because of the‘incrc;mental nature‘of locational determination which is prone to drift, the .
range suffers and is given a medium rank. Anothex‘- fundamental difficulty is with the cost of
acceleration detection equipment, which manifests itself _i‘ri"a poor vehicle equipment cost. The
controllabi}ify has a poor rating because there is no means inherently available for sﬁpcrvisory
control. Finally, the difficulty of keeping gyroscopes working effectively under vibration leads to
acceptable accuracy and medium reliability.

10



Direct Imaging §
In this approach, optical or ultrasound images of the surroundings are used in conjunction
with internal environmental maps and/or easily identifiable landmarks to obtain the AGV's posil:ibn

and orientation.

¢

Range and stationary equipment cost have good ratings, while accu;'acy has an excellent
rating. _Controllabil‘i;y has an acceptable rating because of the possibifity of data communication via
the opfical or ultfasound imaging carrier, The reliability is medium because of differences between
the actual image of the surroundings and the captired stored image. Singe the imaging sensors are

_unreliable, not sufﬁcieﬁtly preciée or too expensive, the vehicle equipment cost for these systems is

o o ’
. also exorbitant (poor).

-

2.2.3 Synopsis and Further Assessment

From the previous evaluation, i_t-i§~1impid that each navigz'uion' system is deficient in certain
ways, and no one systcr}x possesses a {dcs red qualities. Presently, there is a considerable effort
towards developing free-raniging AGVs'-ba:ause they are strongly considered to be the answer for
the next generation of AGV systems. Because none of the above frce-ranging AGV systems is
completely adequate, several current papers [15-322] have proposed a combination of the above
techniques. The essential principle with these approaches is the use of a cumulative position and
orientation measurement technique (inertial, dead reckoning, etc.) in conjunction with an absolute -
position and orientation reference system (bcacon“systcm, direct imaging, etc.). The basic idea is
to occasionally reset the error-prone relative location méthod by _the absolute location measurement
of the nAGV. For example, dead reckoning in combination with a beacon sy-stcm or direct imaging
system have been proposed and are being developed as an improved free-ranging AGV navigation

technique. A fundamental limitation with these approaches is the fact that due to economic reasons

only a limited number of reference points can be used.

11
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Although free-ranging AGVs are creating a strong interest, it is also important to note four

‘underlying points. One of the strongest motivators for this approach is the elimination of the cost

of fixed guidepath installation but, more accurately, there is a cost tradeoff between eliminating the

fixed guidepath and adding navigational sensors to the vehicle. Secondly, although this method

~ provides the ability for unconstrained movement, there will still be a need to plan the AGV courses

systematically 50 that the vehicles work together cffecti\;ely in common areas for higher overall
productivity. The point being made is that self-navigating AGVs may provide more flexibility than
is usually needed in an manufacturing plant, where, once laid out, AGV routes are not likely to
change, since the massive workstation equipment they service can't be moved and rearranged
anyway. Thirdly, the problem of finding the orientation with respect to the environment is not
necessary for an AGV following a rphysi;:al guidepath. As a final point, there are very few
industrial AGVs which have incorporated these free-ranging principles. In short, it is not

absolutely necessary for free-ranging AGVs 10 be used within a manufacturin g environment,

Havi..y presented a general survey of the existing guidance methods, tﬁ!: next section
presents the specific approach of this thesis to this guidance problem and the implications of this

approach.

2.3 The Proposed Enhancement

From the earlier examination of the various AGV guidance techniques, it is clear that the
crux of the guidance proEIcm is in being able to determine the AGV's position and orientation,
quickly and effectively. - The determination of this locational knowledge, which is generally
simplified by partially structurln-g the environment, is necessary for a greater degree of autonomous
operation. It woﬁlc.l. be worthwhile to develop a simple, noninvasive, inexpensive, structuring
system which could be easily implemented in a wide variety of manufacmrirfg environments. One _
such proposed system is based upon the use of standard pattern to provide a unique identification

code (using bar codes) that enables the system to find the absolute location of the pattern {23, 24].

12



Although useful this approach still suffers from the limited number of reference points problem

whiéh will be clarified in the next paragraph.

Thé proposed enhancement, which relieves the problem of limited number of refé ce : i
point;; and is an upgrading feature for physical guidepath AGVs, involves a positionai Cl;) |
procedure based upon the propefties of pseudorandom binary sequences (PRBSs). Figure 2.1

clarifies the guidepath encoding problem. Asbcan be seen one possibility is to mark either _
ransversally (Fig. 2.1(a)) or lon.gitudina.lly (Fig. 2'10?)) z.'cla'ti\(e to the guidepath, a distlinct'n-bi't

“code word for each quantization step. These approachés are inefficient because of the-redundant

o
*

guidepath guidepath guidepath

[ 1T 1]

magsn] . .
[ [~1 T - E HH —_—

.
IT]

| I | was \ E ‘:-
. : —> [
| h—
(2) Transversally encoded (p) Longitudinally {c) PRBS encoded
n-bit code for each encode n-bit 1-bit per
quantization step - code for each quantization step

quantization step

Figure 2.1 - The Simplim%y and Cost Advantage of PRBSs _

information stored at different locations and it become’s especially cumbersome for a larger number
of reference points. Og the other hand the PRBS encoding procedure (Fig. 2.1(c)), which is
applied longitudinally, requires only 1 bit.per quantiz'ation step regardless of the number of

resolution bits required. This special property is possible because the first (n-1) bits of the current

13
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PRBS code is identical with the las‘t (n- 1') bits of the prcvious PRBS code. Furthermore, this
means that each window of size n scanning the PRBS code is unique and identifies a specific
location in the environment. Therefore, irrespective of all other factors, the PRBS solution is a

very cost-effective approach for guidepath encoding.

2.3.1 Potential Impl\ications/Benefits of this Approach

By éssc_ntially removing the restriction on the number of ab;olut_c reference points, the
absolute positional measurement along an entire guidepath becomes possible. That is, the PRBS
encoding can be added as an upgrading feature to the exlstmg guidepaths so that an AGV can
measure its absolute position anywhere along the guldepath Note that the orientation is

intrinsically known from the AGV's perspective of the guidepath and code track arran gement,

' Assuming for the moment that this positional information.can be fnade available on a real-
time basis then a number of benefits can be stated. Firstly, the vehicles are self-correcting in that
the vehicle’ can.lcavc or be taken off the gilidcpath and put back at any point without having to go
through extehsivé reset procedures. The AGV may leave the éuidepath in order to avoid obstacles
or other AGVs, off-line wark, etc. (Figure 2.2). This is a. fundamental improvement in the
navxf,::nonal cupability of each individual AGV. ThJS navigational improvement makes the use of a
bi-directional guidepath (a single guidepath where vehicles can travel in both directions) appealing
[29]. In particular the problems of leaving the guidepath and then returning to it to avoid another
AGYV and of performing bi-directional network control are made simpler. Secondly, the network
control is made easier for the case of optical/chemical/magnetic guidepath bccaase knowing its

absolute fosition and aided by an environmental map, the AGV can quite easily decide which fork

in the road to take. Thirdly, this PRBS encoding can be useful for docking purposes because it

14
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AGV -
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Guidepath

Figure 2.2 - Potential AGV Navigational Impmvcﬁents
can provide for variable and accurate docking capability. This asset is particularly suitable for

mobile robots (AGV with robot affixed) where a strong need for this capability exists [26, 27].

"

Underlying the above discussion is the effect on the traffic control of multiple AGVs ina

manufacturing environment {33—35]. By providing this locational information the AGVS
promotes a decentralized traffic control policy, where each AGV has the autonomy to select its own
route to serve the common good of the overall manufacturing e’r/wironment. The operations which-
gach vehicle must keep track of include its own status, pdsition, and task sequence of operation. A
further point is that with‘this encoding method and th; above inf01:rna_1tion available onboard each
vehicle, then the recovery from any forced down time of the central computer could be executed
simply and quickly. With this decentralized approacfieach AGV c.n act as an autonomous active
bbject withirll the dynamic manufacturing framework. It is also worthy of note that real-time

-

monitoring at the system management level is possible.
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Shown by Figure 2.3 is a possibile environment where each AGV could move with a

‘greater degree of independence.
Bnc?ded Encoded Region
Region of of Interest
* Interest [JIIIa

—— RTINS

OBSTACLE

Encoded Region -

Guidepath System with Absclute of Interest

Encoding m De:signated Areas

Figure 2.3 - Perceived PRBS Encoded Environment
In summary PRBS encoding by improviqg the navigational capabilities of each AGV can
increase the flexibility of existing physical guidepath AGVs and therefore, supports the idea of _

distributed processing control within the manufacturing environment.

Having presented and established the value of the proposed approach, the theoretical

background, the practical considerations, and the details of implementation will be the subjects of

the subsequent chapters.

v
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CHAPTER 3 - Pseudorandom- Binary Sequences

3.1 General Information

1

Pseudorandom binary sequences (PRBSs), which have been known for a long time, have a
‘wide range of technical applications, inéludinga

- range-finding
- coding theory - scrambling, error correcting codes
- communications - modulation, synchronizing
- electronics ~high speed counters [36—39].
These sequences have special properties that make them applicable in a multitude of fields. The
AGY absolute position encoding method, E.hat was proposed in the last chapter, is based upon one

of the characteristics of PRBSs. In the context of this specific approach, the background of

-PRBSs along with the most Zportant of their useful prdperties will be presented.

~

3.2 PRBS Theory ’

Pseudorandom binary sequences, which are also cailcd pseudo-noise sequences, maximal-
length shift register sequences (m-sequences in short), etc., are deterministic strings of binary -
digits (bits) that have statistical properties similar to those of true random sequences. The general

idea behind the generation of any binary sequences is exemplified in Figure 3.1. As can be seen

there is a shift register consisting of n stages, representing binary memory, elements. At each time

FEEDBACK

R(n+1)

- : - ‘ " Binary
L— o R(n)|R(n-1) » = m R(2) R(l)—’\—-> Sequence
a 1 . Output -«

' . Figure 3.1 - General Binary Sehucncc Generator
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unit, the contents of these binary memories are shifted one place to the right and the present value
of the feedback, R(n+1), is placed into the leftmost memory element. The bits which are shifted
- out of the rightmost box represent the values of an infinite binary sequence.

. : e
A critical part of this PRBS generation is the type of feedback that will be used. The

feedback is performed using modulo two addition or an exclusive or gate, defined by 0+0=1'+'1'=0.
0+1=1+0=1. But itis still necessary to determine which terms of the n-bit shift register will be
used in this feedback process. This problem can be restated as follows; what values does the

array.c need i in the followmg equation (where all symbols refer to log:cal operations):

R(n+1) = ¢(n) « R(n) @ c(n-1) » R(n-1) ... c(2) * R(2) ® c(1) « R(1)

to produce a PRBS. The determination of the urray ¢ specifies the particular feedback connections
to be made with the shift register. | ' . ‘

The resolving of this matter can be achieved by exbloring the area of polynomials. That is,
. a polynomial of degree n.can be used to delineate the feedback elements required for an n-bit shift

register. Consider the following particular form of a polynomial equation (where all symbols refer

fx) = x" + cpex™ 4+ L+ cpox + clox0

to arithmetic operations) where the subscripted, ¢'s directly correspond to the previous array of ¢'s

and the power of the variable x refers to a location within the shift rcgister.(xTiH-R(n)). With

this correspondence cx]i%il, the important connection is ?lﬁn order to construct a PRBS

sequence of length 2" - 1, o needs a primitive polynomial of degree n. A primitive polynomial

of degree n clearly designates the desired feedback shift register relationship. '

- Consider now the specific e)_camplc of degree n=4, with the following primitive polynomial:

p(x)=x4 +x +.1

18
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*which specifies a feedback shift register as shown in Figure 3.2. Notice the direct correspondence

between the primitive polynomial and the feedback connections that are made.

-

<

>4 OUTPUT

Figure 3.2 - Feedback Shift Registcrcorgsmnding to x* +x +-1

In the particular case where the register contains a3, a;.0, 8;,1, 3;, at time i, then at time
i+l it contains
Qg = iy D A5, 3, Ay, B4

[apay FEENR

as shown in Figur’é 3.3. This specific feedback relationship is used to generate the subsequent bits

which will be shifted into the register. In summary, this feedback shift register generates an

. . : \ . - -+
infinite sequence ag a; a, / a; ... which satisfies the recurrence

-

g = 2, ®a, i=0,1,2, ... .
) ¥
In order to produce the infinite sequence, it is necessary to specify the initial values for ag, a;, ...,
,.1-
=a, @a
ai+4 i+l @ i

4 . - A

a. |pe—p OUTPUT

i+l i

—»— a.

1+2

—p»— a

i+3

: Figﬁr'e 3.3 - The Specific Recurrence Relation
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3.2.1. Specific Definition of a PRBS S

The first step in this déﬁniﬁon should be a further examination of this infinite sequence.
Because each of the n-bits of the shift register can only bc a 0 or 1, there are 2" possible states
which means that the infinite sequence ag a, a3 ...- must bc periodic. Moreover, with modulo two
or exclusive or feedback, the zero state 00...00 cannot occur unless thc infinitc sequence is the

trivial case of all zeros. The exclusion of the zero state results in the maximum possible period of a

&

“useful PRBS to be 2" - 1. For example, figure 3.4 shows the successive states and the pei'iodic

* output sequence for primitive polynomial p(x) =x*+x + 1 and initial state = 1000.

4

TATE STATE \
0 1 0 0 0
1 0 1 0 0
2 0 0 1 0
3 | 0 0 1
- 4 1 1 0 0
5 0 1 1 0
6 1 0 1 1
7 0 1 0 1
8 1 0 1, 0
Y9 1 i 0 1
10 1 1 1 0
11 1 1 1 1
T 12 0 1 1 1 /
13 0 0 1 1 /
4. |p 0 0 1]
150 Y o 0 0
’ 16=1 0 1 0 0
. (REPEATS)

Figure 3.4 - Successive States and Qutput Sequence for the previous example

Note: Although it will not be proved here, it is known [36, 39] that there exist primitive

polynomials of degree n for every n. Table 1 at the end of this chapter has a list of such
polynomials for n < 40.
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I p(x) is a primitive polynomial of degree n, then the shift register goes thrbu'gﬁ_all 2"-1
distinct nonzero states before rcpcat.ing, énd produces an output sequence a, 8; 2, ... with period
2" - 1. A.pseudoran'dom binary sequence is any segment

8; 841 «ee Aieon 9 (1)

| : »
of length 2" - 1. There are 2" - 1 differént PRBSs for i=0, 1, ... 2" - 2. The different sequences

corresponding to the previous example of degree 4 are given in Figure 3.5.

£

o et e O Qe = OO OO0
(=R N - e - - - ~]
OO s = O D= OO O
(=== el Ll = = B Y I - I
O OO DO OO
o»—-oco'»—'—-—r—-c.-o-n-o
(== = N N I -~ I . I
Ll == = N - el o~ N -]
= R~ = JU Y = Y - N — IR SISy _ N
O OO OO0 e e O
O D - OO~ OO0, ———
H OO~ OO~ 000
O O L OO 000 —

@ ornoo~ooon

=0 O DO D et b bt b O b )

Figure 3.5~ The 15 (2* - 1) PRBSs forp(x) = x* + x + 1
N :
3.2.2 Important Properties of Pseudorandom Binary Sequenees
-With the definition and the generative technique of a PRBS clucidzt_cd, the attributes of
PRBSsgan be expounded [36].

fixed primitive polynomial of degree n

Let  p(x) . =
S, = the set consisting of the PRBSs obtained from p(x) plus the
sequence of 2" - 1 zeros. ‘
Property 1- The Shift Property

If b =bgb ... byn_ o is any PRBS in &, then any cyclic shift of b, say

bjbj+1 .. byn 5 by ... bj-l .
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is alsoin Bn; ‘ - o °

Property II - The Recurrence
Supposé p(x) = %o by x1, with hg= h, =1, h;= 0 or 1 for O<i<n. Now any PRBS

b € 3, satisfies the recurrence

bi+n= hn_l bi+n-1 + hn-2 bi+n_2 + ...+ h] bi'i‘l + bl
Ay
fori=0, 1, .... This expression is simply a generalization of the feedback equation which is

obtained from the primitive polynomial and used with the feedback shift register. , .

_Property 111 - The Window Property | £
+* "7'1f a window of width n is slid along a PRBS in 8,, each of the 2" - 1 nonzero binary n-

tuples is seen exactly once. This property follows from the fact that p(x) is a primitive polynomial

‘
which is irreducible.

Property IV - Half O's and Half 1's

Any nonzero PRBS sequence in 8 contains 2** 1's and 2"'-1 0's. This property is
y n y

L me

obvious from the fact that the shift register runs through all possible states except the zero state.

e

Property V - The Addition Property

The sum of two sequences in 8, is another sequence in &, if the sum is performed via

modulc; two additior.

Property VI - The Shift and Add Property

The sum of a PRBS and a cyclic shift of itself is another PRBS.

Property VII - Autocorrelation Function

*

The autocorrelation functio:i_of a PRBS of length 2" - 1 is given by

(o) =1
@ =-1/n, forl<i<2™-2. -
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This is the best possible autocorrelation function of any binary sequence of length 2" - 1, in the

sense of minimizing maXy« ().

4

Property VIII -~ Runs ( maximal string of consecutive identical symbols)
In an PRBS, one-half of the runs have length 1, one-quarter have length 2, one-eight have

length 3, and so on, as long as the f;'actjons give an integral number of runs.

3.3 Synopsis and Further Discussion =

From the above given properties, it is possible to justify the qua}ification pseudorandom to .
these types of sequences. The tossing of a fair coin, 2" - 1 tim‘es, is an event ‘which will produce a
random sequence that can be compared with a PRBS. The fact that properties II, IV, VII, and
VIII of PRBSs are expected to hold for this coin tossihg experiment, justifies the word random for
these sequences. But the discussed sequences are only pseudorandom because the properties that
have been mentioned hold for every PRBS, whereas in a coin tossing experiment thérc would be

4
some variation from sequence to sequence, : N

Of the aforementioned PRBS characteristics, the property which is vital to the position
encoding technique for AGVs is the window property. With such a sequence, each n consecutive
bits forrh a unique pattern; hence, may be used to fully identify the AGV's absolute position on the
guidepath. A 5-bit PRBS code and the corresponding absolute position values are displayed in
Figure 3.6.

PSEUDQ-RANDOM BINARY SEQUENCE

0 0001010111011 000 11T T 1ToO0O0]11 001
01 2 3 4 5 6 7 8 91011 1213 14 15 16 17 18 19 20 21 22 23 24 25 26 27

CORRESPONDING ABSQLUTE POSITION VALUE

PRBS Code for
Position 19

Figure 3.6 - The Window Principle to be used for AGV Position Encoding
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Another salient feature of PRBS is the fact that there do exist complementary primitive
, polynomials. The generation of the PRBSs has been such that the reéulting sequence éhiﬁs out the
right end of the illu-stratcd diagrams for a given primitive polynomial. It is also possible for a
primitive polynomial to produce the same PRBS, but this time have the feedback entering at the
right end whjle the output is being produced in the reverse order at the left end. This
: complcméntgry, for'ward and reverse PRBS gcncration; is an undcrlyirig feature which will be
utilized later. Table II summarizes the required modulo two forward and reverse feedback
connections for shift registers with bit lengths from 4 to 10. These equations have been obtained

from the complementary primitive polynomial expréssions.

The practical considerations of making this absolute-type position encoding based on

PRBSs possible will be the subject matter of the next chapter.

RS
e
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Table I - Primitive Polynomials for n £ 40.

degn h(x) deg 1 h(x)
1 x+1 21 2
2 Zex+1 22 22 x 4 1
3 Cexal 23 x2% x5+ 1
4 x*+x+ 1 24 24 G Pex
5 e xte 25 2% x?+ 1
6 xSex+1 26 26 xSt x e x+1
7 xT+x+1 27 NCL AR
8 xex0 P xe1 28 28 e
9 Cextel 29 x2% X241
10 x 43341 30 % 16 P x 41
11 Y xA 31 e
12 xu’zi- x et xo+1 32 x32+ <84 x27+x+ 1
13 x!34 x4+ x3+ x+1 33 133... x13+ 1
14 . a1 e x w1 34 4% P x e
15 rxel, 35 35 <24 1
16 xl 6+ O+ x4 x2+ 1 36 x36.,: xl 1+ 1
17 e+ 1 37 x3 T x12% 410 4l
18 x84 x 74 1 38 8 x6+x5+x+ 1
19 x% a0 P ax+l 39 X% x4 1
20 e 40 % 2l % 21
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Table II - Forward and Reverse Feedback Equations for PRBSs

Shift
register

length
n

Feedback for forward p.r.b.s.
R(0) = R(n) @ c(n-1) - R(n-1)

©...0 c(1)-R()

Feedback for reverse p.r.b.s,
R(n+1) = R(1) @ b(2)-R(2)

® ... ® b(n) - R(n)

4
5
6
7
8

9
10

RO = R@) ® R(1)
R(O) = RE)®RED)

R() = R(6) ® R(D)

- R(O) =R S RO)
. R(0) = R(8)® R(4)

@ RG3) @ R(2)
R(0) = R(9) @ R(4)
R(0) = R(10) ® R(3)

RG) = R() @ RQ)
RO =ROHORG) .
R() = R() ® RQ)

R(8) = R(1) ® R@)

R(9) = R(1) @ R(3)
@ R(4) @ RG)

R(10)=R(1H® RFS)

R(11) = R(1) @ R(4)
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. CHAPTER 4 - Absolute Position Measuremenf
Through PRBS Guidepath Encoding ’

4.1 Problem Introduction
With the viability of PRBS enlcoding for the absolute position measurement of AGVs
asccrtaincd,\ the practical aspects of this approach should be addressed. Figure 4.1 Jclearly
illustrates the problcm athand. An n-bit PRBS of length 2" - 1, written one bit pér quantization“
(SG)1 j=0,1, ..., 2"-2) |

step, forms the pseudorandom code track.

AGV
P(-1) --- PG) ... PO
S S
PSEUDORANDOMINATURAL\

CODE CONVERSION -

TX(n) TX(k) TX(I)

READING BUFFER
«— Ix(n) Ix(k) Ix(l) |
S(0) S(1) S(p) %S(p+n—k) ] S+n-1) A s 2)

P PSEUDORANDOM __T
. CODE FRACK

Figure 4.1 - The Principle of AGV Position Measurement ﬁsihg PRBS Encoding
The physical tracks, guidepath along with this pseudorandom code track, must be present external

to the AGV. The first aspect‘bf thi§ problem is reading the n consecutive bits, {X() | j=1,

2, ..., n}, corresponding to the current AGV's location into the reading buffer. This scanning of

27



- and converting the pseudorandor binary code are the topics which must be fuily discussed in

i —

the coded information is dependent upo'n the direction of travel of the AGY. The pseudorando;n
n-tuple, which is available in the reading buffer, is not in-‘ a ready to use format and needs furtber
processing, This j:oint leads to :lie secoﬁd practical aspect of consideration, the code
conversion of the scanned pseudorandom n-tuple, {X(j) | j=1, 2, ..., n}, into the more

c;onvenient natural binary n-tuple form, (P(j) | j=0, 1, ..., n-1). These two aspects of obt'aining

order to make PRBS encoding of the AGV's guidepath a practical alternative.
P o ‘

4.2 Code Reading
. ?e two important factors of this stage of absolute position measurement are the generation
of a 10ad pulse to synchronize the reading of the coded information and the determination of the

AGV's direction of travel on the guidepath to interpret the coded information correctly.

A straightforward Way to solve the load pulse problem is to use an external

N .

synchronization provided by a special track laid along the PRBS code track. The first two methods
to be discussed later use this approach. The third method that will be discussed uses an indirect

but effective technique called a virtual synchronization track to solve the reading problem.

‘For the directional problem, a clarification of what is meant by'thc AGV's ravelling

direction is necessary. Supposing that the AGV has a front and back end and can drive itself either -

forward or backward, then Figure 4.2 displays all the different movement ﬁossibilitics. The

determination of direction refers to an AGV's awareness of whether it is going left or right, which
—~ .

T J—

are defined as follows: _

left - the PRBS code, that is currently being measured, is progressing in the
reverse feedback generation direction.

right - the PRBS code, that is currently being measured, is progressing in the
forward feedback generation direction.

28
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Guidepath

IR FRORRS——— k
\& J Pseudo-Random

Code Track

(
!

Figure 4.2 - AGV's Dizection of Travel

Observe that the guidepath and code track layout do not-have topological symmetry. The different
approaches to determine direction generally use this asymmetric information from the reading
heads and will be presen.ted concomitantly with the synchronization methods discuéscd next.
4.2.1 Sampling Strips 7

An immediate implementation of the synchronization track, as shown in Figure 4.3, is to
have sampling strips of value 1 fall ir: the middle of each quantization interval of the PRBS track -
[42]. Whenever such a strip arrives in the front of the synchronization mading head AUT, fixed
opposite to the AGV'S reference marker, the information delivered by the n code reading heads is
considc;cd to be stable and ready -to be stored in the codc reading buffer. The ma&ing buffer
information change happens on the rising edge of the AUT sync.:hronization signal. AIthough it
 solves the reading arnbigufties problem (the ambiguity facing all ‘absolutc-t‘ype pésit_ion measuring

techni_gul:s }vhe,n- a_transition between two consecutive positions takes place), this solution
introduces a systematic hysteresis error, e = gy / 2, where qg is the width of the space "0" between
sampling strips. As displayed in Figure 4.3, the way in w:l'riich this error affects thé measured
position, represented by the currani contents of the reading buffer, is a function of the direction iﬁ |

which the AGV roves.
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Marker -

| _ ~ CAGV
< AGV'’s Position ’
. | eaur
READING BUFFER
<—ib T Ix(n) Ix(n—l) Ix(l)' " CODE
" : - A TRACK
s® P4 “se-n| so [sory ] semn ] <
1 . ,
0f1 o j1] o [1] o |1lo o|1]|oF \
_ SYNCHRONIZATION
- . g TRACK

p+1 | { 52> RGT
P+2 <<:| LFT

. AGV's Position as Stored in the Reading Buffer

. Figure 4.3 - The Sampling Strips Approach

For this reading approach, the crientation of the reading heads relative to the physical tracks:
combined with a priori directional information is one way to resolve the travelling direction of the
AGV. For cicamplc, if it was found from the reading heads that the PRBS code track was to thc

left of the guidepath, then the AGV could be programmed to know that forward movemen{ was

)

right while reverse movement was left. -

4.2.2 An Effective Physical Synchronization Track
In this case the synchronization track employs a simpler layout, consisting of a sequénce of
alternate "0" and "1" intervals each having the same width q as the quantization intervals of the

PRBS code track [44]. Similar to the previous approach, the reading head AUT is employed to
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detect the transitions betwéen two consecutive quantization intervals by séanning the
‘synchronization track. The inform.ation in the reading bﬁffcr is updated each time the AUT signal
generates an appropriate clock signal by detecnng an edge, eitheryjsing or falling. The n code
reading heads, {X() [ j=1, 2, ..., n_}, are shifted by q/2 (to the left) relative to the AUT head.
This ensures that the information provided bylthc code reading heads is aiWays stable when AUT
detects a t'ransition.bctwcen two consecutive i)osit'ions. However, a new but correctable problem

arises due to this non-aligned arrangement of the reading heads and the synchronization head.

Marker .
, A AGY
<AGV'S ligf}tion > S
- @ AUT
‘ READING BUFFER |
q CODE
4P x(n) x(n-1) --- [ x(D) TRACKj
7 f -
SO 14 Sk-1)| S(p) S(p+1) % S(p+n-1) /A/] S(2°- 2)
- ) | S—
0 1 -0 ... q ...
, _ - SYNCHRONIZATION
$ , TRACK
Reading NS p | pa | (<l i AGV's
Content > P-2 p-1 P (':> RGT ) Direction
After
Con*e;:tion) - P-1 p P+1 <

Figure 4.4 - Alternating Synchronization Track Approach

. Letus consider the general case illustrated in Figure 4.4, where the AGV is at a transition

point between positioﬁs p and p+1. Regardless of the AGV's moving direction, the n-tuple (x(k)
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=8(p+n-k) | k=n, ..., 1}, which will be stored in the reading buffer at the end of this transition,

represents the pscudor:indom code corresponding to the position p. If the transition occurs when
the vehicle moves to the left, the new AGV's‘po;ition will be p, which is correctly identified by the
new content of the reading buffer. If the t_rans;ition occﬁrs duriné a move to the right. the new
AGV's position will be position p+1 and the information from the 1:cading buffer has to be

incremented by one in order to represent the correct value-of the position. It results that besides the

pseudorandom information provided by the code reading heads, the position estimation procedure _

needs to know the direction in which the AGV travels on its guidepath. It can be presumed that the
travelling directional information can be determined by the same technique that was used in the

previous synchronization method. e

A further improvement with this type of synchronization track is possible by the addition of

a second heading read, VER placed at a distance q/ 2 from AUT, to investigate the synchronization

track, Figure 4.5. With such an arrangement the two heads, AUT and VER, may fulfill a,

supplementary function as vernier. The vernier will increase the overall measuring resolution by a -

factor of two, one more bit. It is wo;th;r'to note that more heads may be added to the vernier
arrangcmcht leading to a corresponding increase in the overall measuring resolution, without any
change in the patterns physically marked on the psendorandom code track. A second advantage of
this two head approach is that a simple control logic can be used to dctermine the AGV's moving

dir%:tig&_j:hc essential principle behind this directional rcsol"/ing is the leading or lagging of the

AUT reading head signal with respect to the VER reading head signal, i.e. if AUT is leading VER .

by 90° then the AGYV is moving to the left.

L
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Figure 4.5 - Improved Code Scanning Approach
4.2.3 Virtual Synchronization Track
Although the two aforementioned code scanning techniques do work, they have one major
drawback associated with them, the cost for the physical implcméntation of the additional
synchronization track. In this section, a novel on-board synchronization method [46] that leads to

the elimination of the off-board synchronization track will be discussed. This results in a minimum

E
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complexity for the track configuration required to be laid on the floor- a ‘guidépath (mahdatory for
all AGVS) and the one-bit wide pseudorandom code track.

The functional prin;iple of this solution is illustrated in Figure 4.6. The technidue for

scanning the code track employs an incremental encoded free-running wheel for the on-board
e -

generation of the code reading synchrenization signals. The free running wheel has an encoding

resolution y appropriately selected as a.submultiple of the encoding resolution q of the

pseudorandom code track: y = q/c¢. As the AGV moves on its guidepath, the incremental

encoded wheel will turn producing an output signal SYNC that may be perceived for convenience
as a virtual synchronization track alongside the other two physical tracks laid on the floor: the

guidepath and the PRBS code track.

SYNCHRONIZATION

LOGIC w$

VIRTUAL
SYNCHRONIZATION

y
I -
TI'III Jlllllllll4—|
. " gq=cy ) )

s P sen| s [sey P semn ] sema
—» Ix(gL 'Ix(n-l) Ix(l) &H}g{cz\ﬁ
! ' | TRACK

i 'LOAD Clk READING BUFFER -

BN 1 v1CAL GUIDEPATH [

AGV

S

Figure 4.6 - Virtual Synchronization Track Approach
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A SYNCHRONIZATION LOGIC circuit will select the specific SYNC pulsc that occurs
when the AGYV code reading heads atrive in the middle of the quantization step. This specific pulse
(marked by stars in Figure 4.6) propagatcs as the LOAD signal used to u_pdatc the READING
BUFFER containing the pseudorandom positional inf"ormation. To avoid the cumulative errors
inherent to the 1ncremental encoding of the frce wheel, an external 1mt1ahzat10n mechanism was
introduced. This resetting of the SYNCHRONIZATION LOGIC is performed whenever the
reading head x(n) of the code track detects a quantization step transition, Moreover, this
fesynch"r.on_iza't'ion which is controlled by the physical code traék may not occur at every
quantization step but it will definitely occur aftcr n consecutive steps (n is -the AGV posTp
measurement resolution). In this way the shppage error that may occur with the incremental

encoded free wheel are not accumulated and their effect is limited:

Being directly driven by the AGV positional paramcteré, the described synchronization
method is time invafiant; hence, it is also speed and acceleration insensitive. As a drawback the
on-board synchronization may introduce some limited slippage error. The actual value of this error
may be reduced by increasing the ¢ ratio between the code track resolution and the virtual
synchronization track resolution. Finally. the previously discussed orientation of reading heads
method along with a priori knowledge can readily be used to determine the direction of travel of the
AGV. |

4.3 Code Conversion

A translation from the pseudorandom binary code into the more convenient natural binary -

it
.

/‘\' rcprescntatjon is always necessary for Practical AGYV applications. This code conversion process,
which is the second stage of absolute position measurement, must be carefully considered to make

PRBS encoding of the AGV's guidepath, a practical alternative. This perusal is necessary because

" this conversion process can be expensive with respect to time and/or equipment. In particular, the

duration of the code conversion is critical for the absolute position measurement cycle and hence
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~ for the real-time performance 'of each AGV, such as the maximum AGV speed on the guidepath,

In order to attempt to reach an optimal compromise, a complete analysis of the code conversion

problem will be detailed.

4.3.1 Approaches to the Code Conversion Process

The code conversion methods that can be employed vary in the extent that the translation is
a seﬁal and/or parallel process. A strictly parallel translation from the pseudorandom binary
code into the ;norc convenient natural binary representation can be done using'a code conversion
table stored in ROM as shown in Figure 4.7. This solution is equipment expensive for long!"

PRBSs.

-

/

INPUT o DOM CODE ROM Code
{X(]) | j=n 1) = 7 n’ Conversion
{Stp4n-i) li=n, ..., 1) Table

NATURAL BINARY CODE
OUTPUT

p = {P@) li=n-1, ..., 0)

~ Figure 4.7 - ROM Lookup Table
- A strictly serial translation exploits the reversibility of the FRBS generating algorithm
[41]. The reverse feedback shift equations are given in Table 1. This mctho& is based on the idea
that it is possible to find the natural value of the AGV's position by simply counting the number of
reverse feedback shifts that it tak'és for the given pseudorandom code to arrive back into the initial
code for the "zero position". This code conversion algorithm is given in Figure 4.8. In this case

the solution is less equipment expensive but more time expensive for long PRBSs.
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Initialization
P=0; {R(k)=X(k)k=n,...,1};

Reached start.code

R(k) = S(n-k) | k=n, ..., 1};

Perform reverse feedback on R(k)
using equation from Table II.

Position out of range
p>2"1

p=p+1

t

Figure 4.8 - Flov.vchart for the Serial Approach
| . s

A better solution to convert pseudorandom to natural binary is a combination of the
serial and parallel methods and is exemplified in Figure 4.9 [43]. Consider a pseudorandom’
encoded track where certain positions (uniformly distributed with a penod of t) are employed s
mllcstoncs The code conversion for a gencral position, p=m e t+T, whcrc m ¢ t is the position of
thc nearest down the track milestone Q(rn) and r represents the position relative to this mllestonc
will be d;scusspd. The natural cod; for r is found by counting the steps required to arrive by
sucééssivc backshifts from the ini;iai code-to the nearest milestone Q(m). ‘;\ll intermediate states of
this serial shift-back operation are checked in parallel against all possible milestone pseudorandom
patterns. Thus with this method the code conversion of the relative position r distance is found

. sei‘ially while the milestone code conversion is done in parallel. This approach to translation has

equipment and time costs associated with it.
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Milestones Q(m) ' _ Q(m+1)
k;. ‘

[x(k) = S(p+n-k) | k=n, ..., 1}
‘Pseudorandom n-tuple corresponding y
10 the current positionp=met+r. @, mmeeem-cceesssecc-a-=

Reverss PRBS
Feedback Logic

Shift —go
Back

M D1
Parallel Milestone .
Identification and

Sequential
Pseudorandom/
natural Code
Confcrsion

Pseudorandom/natural Bm) | «-- B(1)
Code Conversion :

Stop
Cycling

Natural binary code met ' r

for the position p =met+r -
H n-BIT ADDER

Figure 4.9 - Serial/Parallel Code Conversion

To help' to clarify the different code conversion algorithms, an cx:amplé with thc—'
comprehensive third algorithm will be given. Figure 4.10 illustrates the third. code conversion
method for a 5-bit absblute position measurement on a pseudorandom encoded track with 31
positions. This system uses four milesiones which are paccd with a period of 1=8: Q(0), Q(1),

Q(2), and Q(3), corresponding to the positions 0, 8, 16, and 24. The milestone identification
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_method has to 1mplemcnt the following four pseudorandom/natural binary code conversion ruIes

[00001/00000] [11101/01000], [01111/10000], [11010/11000] \

. . . Pseudorandom Code Track
012345¢6 78 91011 121314151617181920 12223242526272825

Position Index

Q) Q) Q) ' Q(3) <& Milestones

Figure 4.10 - Five Bit Absolute Position Measurement with Four Milestones

In this c'xﬁ‘mplc. the current absolute position is p=21, for which the scanned
pseudorandom 5-tuple is [10011]. According to the code conversion method, this
5-typle is sequentially back-shifted, passing through the intermediate states 11001, 11100,.11110,
11111, until it reaches the 01111 state. This state is recognized by the parallel rhilcstone
identification-mechanism which will deliver the corresponding natural binufy codem-t= 10000
When the milestone recognition occurs, the sequential code conversion procedure is stopped.
Because it took five back-shifts to reach the milestone state, the final binary content of the counter
is r=001101. The '}'csulting binary code for the measured po.sition is then
p=m¢+t+r=10000 + 00101 = 10101, which correctly represents the r_neasured position p=21. _

A detailed cog analysis of these code conversion approaches follows. -

4.3.2 Cost Analysis of the Different Approaches
The equipment cost and the tcmporal cost are the two costs that constitute the total cost

associated with the code conversion problem. Given below are the definitions of the variables and

constants required for the cost analysis:.

n
201
t

the bit length of each pseudorandom binary code |
the total length of the PRBS
the uniformly distributed period between successive milestones
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k; . = the equipment cost asfociated with each milestone | -
k, = the basal equipment cost for the serial backshift operations “a

ks = the basal temporal cost for a fully parallel solution

ky = the temporal cost associated with each backshift operation

Note: nis assumed constant for a given optimization

ky, ky, kg, k4 are constant for a given n and are functions of the employed
technology .. ' -

&
Id

The equipment and temporal cost equations will be developed with these definitions as a
_ .

function of the encoded distance t between successive milestones. The equations for these costs

L4

are as shown below:

equipment cost =k; + number of.milestones + k,

(ko= 0 for the fully parallel solution)
equipmentcost=k; ¢ int(2"-1/1) + k,

temporal cost = kg + k e+ (t-1)

Figure 4.11 shows the temporal cq‘st variation for the different approaches o the code conversion

problem,

Now the total cost for the code conversion approach is as follows:

total cost = equipment cost + temporal cost

total cost = kyeint 2"- 1/1) + ky + ky + kg (t-1)

Figure 4.12 shows a graph of the equipment cost, temporal cost, and total cost as a function of the
variable t, the periodic encoded distance between successive milestones. The temporal cost
associated with the serial baZkshift matching operation linearly increases with the independent

variable t while the equipment cost is invérsely proportional with the independent variable t. The

-

—
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Figure 4.11 - Summary of Code Conversion Time %sts

combined total cost graph does have a minimum between hand 2" - 1 for this analysis. The value

of t which minimizes the total cost function is the following:

. 1
Ry =, 10T (kg /Ky + 27 - 1) 2y .

Dcpénding on the relative ratios of the constants k, and k, (for a given‘ n) the optimal distance
between milestones will vary. This cost analysis provides a guide for choosing the number of
milestones (i.e. the degree of parallelism) for a specific application. A number of examples of tﬁis
optimization proccaure are summarized in Table II. As one can expect a higher degree of
parallelism is requested when the temporal cost is relatively higher than the equipment cost. A

higher measuring resolution will always lead to an increase of the number of milestones in order to

maintain the same code conversion speed.
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" Figure 4.12 - Different Costs as a Function of the Distance between Milestones ‘

‘Table TII - Examples of Different Minimized Costs

a
2

REQUESTED .
/ NUMBER OF Measurement Resolution
MﬁLESTONES ’
(2°- 1)1z 8 bits 16-bits 24 bits
"cl;f&;?nv:nu 1/4 32 512 8192
temporal” cost 2
k/k, 4n 8 128 2048
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4.4 Summary

Of the diffcnént discussed techniques, two of them, in particular, enhance the applicability
of pseudorandom absolute position measurement as a cost-effective upgrading feature for the
industrial AGVs. The on-board synchronization technique for code track scanning leads to a
minimum complexity for the tracks required to be physically laid on the floor. The serial/parallel
imﬁlementation of the pseudorandom/natural code conversion allows the best design tradeoff
between the equipment and time costs to be made. The implcmcntatidn aspects of these two

methods will be discussed in the next chapter.
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CHAPTER § - Implementatnon and Testmg Aspe;;ts

.5 1 Preliminary Remarks |

An cxpcrixéntal AGYV, illustrated in Figure 5.1, was built to test two relevant kﬁﬁﬁiﬁucs
supporting the AGV absolute position measurement, the on-board synchronization and the
serial/parallel code conversion. Also note that the track cox{ﬁguraﬁon on the floor consists only of

a guidepath (mandatory for all AGVs) and a one bit wide pseudorandom code track.

AGV
NAVIGATION

: '»PSEUDORANDOM)‘/.* i e ; -
| CcopETRACK P, e " -

Y T o ' SO . i

Figmj'{e-S.l - Experimental AGV

The functional diagram of this AGV testbed is depicted in Figure 5.2. The AGV system is
made up of two components, glidepath trackihg aﬁd absolﬁte position measurement, which have
been implemented as independent functions. The information from the guidepath tracking heads is
used by the gmdepath tracking funcuon to drive the AGV, with its two motors, in such a way as to

maintain the moving AGV on the guxdepath. This path tracking function was developed as a
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machine language program running on an 8-bit microprocessor. A more thorough discussion of

-

this function is beyond the aim of this thesis.

\\\\%

GUIDEPATH TRACKING ‘B _
ALG?R ] ' 2 [ GUDEAT
mm{ [DRVING|@-~=~ - | Bramisens [ TRACKING c:h—summm
| MO;I‘OR L — — — — SSToRIG HEADS , o
5 MOTOR
] [ABSOLUTE )} x( 7 CODE READING | cODETRACK
== 1 | posITION : ; HEADS _ .
- I \MEASUREMENT syne b - -
/ < 5 ’ INCREMENTAL
| LOAD ¢ ENCODED
/ SYNCHRONIZATION ; FREE WHEEL
; LQGIC [
g zh ‘ ’
e ) I

t

. Figure 5.2° Block Diagram of the Experimental AGV

Dlsplaycd in bold in the diagram.are the three funcnons to be discussed in detail in this
chapter. The incremental encoded free wheel, which is t_he basis of the on-board
synchronization technique, produces the SYNC pulses:for’thc synchronization loéic. The
synchronization logic, which by hsing the SYNC bulses and the code track transition changes,
produces the Lé)AD pulses for the absolute position measurement component. Finally; the
' 'absolute position measurement functlon which given the LOAD signal and the code track /

information, handles the followmg two steps:

- scan the code track in order to obtain the PRBS window corresponding to the >
current AGV's position. L

- perform the pseudorandomy/natural code conversion to deliver the measurement
results in a format more appropriate for further use.
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The details of implcmentétio_n along with the testing of the experimental AGV system will now be

presented.

5.2 Incremental Encoded Free Wheel
The technique for scanning the code track employs an incremental encoded free wheel,
shown in Figure 5.3, to produce the SYNC signal. By being directly attached to the AGV, the

number of synchronization signals generated will be directly proportional to distance moved;

‘thereby, speed and acceler&tion insensitive too. -

Figure 5.3 - Physical Implementation of the Free Wheel

. | Figure 5.4 shows the clcctronfc circuitry used in combination with the free running wheel
- to produce the SYNC pulses. Located on the left is an optoelgctronic module for reflective sensing
applications. This assembly consists of an infrared emitting diode and an n-p-n silicon photo-

" transistor mounted in a plasﬁc housing. The sensor output signal, Vg, is an analog signal
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dependent on the value of the resistance Ry, the position of the sensortelative to the reflective
surface, and the reflective surface itself. The reflective surface, the slots of the incremental -

. ’ . __-_ .
encoded frc}/vﬁhccl, were painted chrome silver to be the most effective in the application. The

* value of the resistance R, and.the position of ‘the sensor relative to the reflective surface were

determined by a heuristic process to provide the greatest dynamic range for V,.

Veo Reflective
Gptoelectronic
Sensor
SEEEN Comeer .
d v v Hysteresis
‘ T * ' SYNC
]
: — ' \Y%
1 i T
! 4
VAN
Ry
R
V, - sensor output voltage Y = % R, + R,
V. - reference voltage
Vi - threshold voltage 1 ‘Yh2=vh1 F V. RRI =
Vlh2 - threshold voltage 2 l )

Figure 5.4 - Circuitry to produce SYNC pulses

The analog V; signal is converted to a digital SYNC signal by connecting it to a comparator
with hysteresis, shown on the right in the diagram. The operation of this portion of the circuit is as

follows:

¢ if SYNC=logical high voltage level, then V, must rise above V,, before SYNC will
change to a logical low voltage level; moreover, once this change has happened the -
output SYNC level will not change unless V, falls below V.

else if SYNC=logical low voltage level, then V, must fall below V,, before SYNC will
change to a logical high voltage level; moreover, once this change has happened the
output SYNC level will not change until V, rises above V.
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/ Inr other words in the range Vi, SV SV 0, the comparator output voltage level wili not change.

This hysteresis ensures a clean SYNC signal without any oscillation problems.

5.3 Synchronization Logic ,
The purpose of the synchronization logic circuit is to select the specific SYNC pulse that
occurs when the AGV code reading head(s) arrive in the middle of the quantization step zind to

propagate this specific pulse as the LOAD signal used to update the storage location containing the’

current PRBS window.

SYNC

k3 .
CLK TR Pp— INVERTED DELAY
! ) 0
LN counter Y
0 R 5 LOAD
C-d[___> AP P A A=B
U
D1 U IN3NO
Load - T ’ COMPARATOR -
J . T c I:> B
EDGE .
X(n) >—¥ DETECTOR .

Figure 5.5 - Details of the Synchronization Logic

. The synchronization logic, which is detailed in Figure 5.5, was implemented as a modulo ¢
counter that generates a LOAD pulse after every ¢ SYNC pulses. An external initialization
mechanism, that uses code track transitions, had to be introduced to avoid the cumulative errors
inherent to‘ the incremental encoding of the free wﬁeel. Specifically, every time a quantiiation step
transition is detected by the code reading head, x(n), the counter is pi'csét with the value c-d so that
the LOAD pulse will occur after d SYNC pulses from every quantization step transition. 'Adopting

a propef d=c/2 value will ensure that the information provided by the code reading head(s) is
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always stable when the PRBS window is updated. This resetting of the modulo ¢ counter,
controlled by the physical code track, definitely occurs after n consecutive steps where n is the
AGYV position measurement resolution. In this way the slippage error that may occur with the

incremental encoded free wheel are not accumulated and their effect is limited.

In the actual implementation, the synchroqization logic circuit was built such that, 2<c<16
and 1<d<8. Due to the physical constraints of the.incremental encoded free wheel and of the
building of the PRBS code track, for overall system operation the particular values that were used

. were c=4 and d=2.’

5.4 Testing of the Incremental Encoded Free Wheel and the
Synchronization Logic

In this test setup (Figure 5.6) the incremental encoded free wheel was placed on a rotating
platform to obtain the low frequency 6f system operation. The output signal to Be measured from
the circuitry was connected to a chlettOPac;kard 7045A X-Y Recorder. T \

The first signal to be scrutinized was thc SYNC pulse which 1s illustrated in Flgure 5.7.

Although the pulses do vary in width, they are . suitable for further use. The next signals to be

.— examined were the binary outputs of the counter for differcnt values of ¢. For example, shown in
Figure 5.8, are the coﬁect binary output signals for ¢=3, c='4, and c¢=5. The final fcsting of this

. portion of the circuitry was for proper resynchronization of the modulo ¢ counter with the signal
from the physical code track. This test was performed for the overall system values of c=4 and

d=2.
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Figure 5.8 + - Counter Outputs for Different ¢ values (notation consistent with Figure 5.5)

(a) c=343V/cm, 0.5 sec/cm
(b) ¢=4,5VY/cm, 0.5 sec/cm
(c) c=5,5 V/cm, 0.5 sec/cm
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It was found for code value transitions of either low to high or high to low that the binary

output of the counter responded correctly (Figure 5.9). Having completed the discussion of and

— = r M~ — >
P - v —_ —— Time
NO 'r l\ | : i .
i I i
-_— P Time
: |
NL ! L k
. f-—-J ————— Time
Change in
Code Value

- Figure 5.9 - Correct Resynchronization Response

the testing of this parfof the system, the details of the absolute position measurement function will

be presented.

5.5 Absolute Position Measurement Function
The discussion of this function is dependent on certain experimental characteristics.
Firstly, in the test setup the absolute positiqn was encoded with a resolution of n=8 bits and a
quantization step of q=2.54 cm. Secondly, instead of using n=8 code reading heads, only one
code reading head was used to investigate the code track. Two factors contributed to the decision
6f using only one reading head. Onc was the fact that fewer reading heads allow for a smaller
turning radius for the AGV. Another factor was based on the fact that an electrohic solution is

more cost effective than a mechanical one requiring the building of precise mechanicaj elements.
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Obtaining the Cod

With these two experimental traits mentioned, the first stage of the absolute position
measurement function, the obtaining of the current pseudorﬁndom binary code (PRBC) will be-
presented in reference to Figure 5.10. With one reading head, the 8 bits of the position code are
not read in parallel but assembled secjucntially in an 8-bit shift register. The LOAD pulse from the
synchronization logic clocks the shift register to read in the incoming bits of the PRBC. Because
the shift register operates in only one direction while the AGV can travel in either direction on the
guidepéth, the contents of the shift register must be properly interpreted. This task is accomplished
By feeding the AGV's direction of travel and the output of the shift register into multiplexers to

give the correct code output of {PRBC(i) |i=8, ..., 1}.

In addition the clock for the multiplexers must only happen when the pseudorandom
contents of the shift register definitely is a corﬁplcte PRBS window. This problem arises because
in the worst case it takés 16 steps (8 for the first code track resynchronization plus 8 more to obtain
a complete code position) in the same direction, from an unknown starting point, to obtain a fully
valid PRBS window. The validation circuitry depicted in the top of Figure 5.10 takes care of this
‘ minor drawback. The ENABI.:E signal is used as a control line for beginning the operation of the
absolute position mcasurcfnent function and/or as a reset of the 4-bit counter whenever the AGY
changes its direction of motion. In either case with an ENABLE activation, the VALID output is
switched to the "LO" logic value. After such a changc' occurs VALID remains ,"L\‘O“ until 16
consecutive AGV s;pp’s.—in/thc same direction, produce the LOAD pulses that bring the counter
contents to 16. At this point the counter freezes in this state and ;he VALID signal goes "HI",
meaning that the position measurements are now considefed correct. This VALID signal and a

delayed LOAD pulse combine to produce the LOAD_VALID signal wﬁich is the appropriate clock

_for the multiplexers.

7/
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-

Figure 5.10 - Collecting the Correct PRBS Code
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- Converting the Code
‘ Having obtained the 8-tuple {PRBC() | i=8, ..., 1}, the second stage of tht; absolute
| pesition measurement function is to convert it to the natural binary code (NBC) 8-tuple of {NBC()
li=8, ..., 1). Appendix A contains the code conversi_ons to be made for this experiment, while
Appendix B contains a general purpose PRBS gcnerz;tion‘program written in th: Clanguage. The
pseudorandom/natural code conyersion that will be detailed in this section is the serial/pafallel

combinational approach.

The control loglc and the reverse PRBS feedback logic are exemphﬁed in Figure 5.11. -
Using LOAD_VALID and MS as input, the control logic generates the high fmqucncy CLK, whxch~
drives the code conversion part of the measurement function, and the CLEAR__COUNT,-whlch
clears the sequential counter for each new PRBS window. For the reverse feedback logic, the
LOAD_VALID in conjunct;on with the CLK compels the 8-bit shift register to load the 8-tuple
(PRBC() | i=8, ..., 1) corresponding to the AGV's current position. "After the shift register has
been properly loaded the reverse feedback equation, shown in the diagram, is applied unti} the

CLK signal stops.

Another significant part of the code conversion implcmcn_tation is the parallel milestone
. o
identification and pseudorandom/natural code conversion, illustrated in Figure 5.12. As can be

seen ihe outputs from the shift register performing the reverse feedback are appropriately connected

to four 8-input nand gates. These nand gates perform the four milestone matches in parallel, as -

shown. If there is'a milestone match then the output matching sxgnal MS goes "LO" and stops the
CLK generation to produce a stable output position. The code convcrswn is taken care of later by

the two outputs, B8 and B7.

a
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PRBC(1)>—{10) oo R >o— RO
- SHIFT IN
T VBV
R(9)=R(1)® R(3)
REABRE) Reverse PRBS
Feedback Logic

Figure 5.11 - Control and Reverse Feedback Loglc -
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Parallel Milestone
Identification and
Pseudorandom/Natural
Code Conversion

‘Milestone 1
00000001/
30000000

R(8), R
® "(QTT | Milestone 2
R(T), 8 11000101/ ¢
@R LV 01000000
R(6), R(6)
R(5), RB)

16
R(4), R@) -8
R(3). K@)
R@2). R ' Milestone 3
@.R@ @ 01000110/
R(l),wj 16000000

Milestone 4
ZBE) 01101011/
11000000

Figure 5.12 - The Parallel Milestone Identification

"The last step of the a\yf(olutc position measurement function must produce the overall

absolute position with all minor corrections made (Figure 5.13). First of all the serial part of the
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1 B
AQ) r:Ag ..—-‘ $3M3D IQH#NBC(3)
+—>B o
AQ2) Az S2 |~ 2D 2Q > NBC(2)
, +"’Bl _ 1
CLK AQ) P Al sil={1ID  cLk  1QFNBC(Q)
]
A > :
CLK TFT/RGT LOAD_VALID |

Figure §.§3 - The Natural Binary Output -

code conversion algorithm is implemented by an 8-bit counter with CLK and CLEAR_COUNT as

inputs. The corrections to the final position are made through the help of an 8-bit parallel adder as

follows:

(a)
(b)

©

(d)

outputs of the serial counter are fed into one 8-bit input of the adder.

outputs, B8 and B7, are connected to the two most significant bits of the second
input of the adder to amend for the particular milestone match.

the direction of AGV travel, LFI/RGT, is connected to the three least significant bits
of the second input of the adder to compensate by +7 when moving right. this
systematic error happens because with one reading head the 8-tuple window
obtained when moving right is offset by the amount 7, while when moving left the
window is properly obtained.

all other second inputs of the adder are connected to ground.
- 1 )

Hence, the 8-bit parallel adder manages all the incidental amendments to obtain the correct 8-bit

natural binary position at its output. The adder's output is latched when it is stable by an 8-bit latch

to give the natural binary code corresponding to the current position, {NBC() 1 1=8, ..., 1}.

.
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Please take note that in Append;x Care glven the detailed circuit diagrams for all the

. —— ——

different components of the hardware.

5.6 Testing and Systemic View of the AGYV System
The complete operational test setup is gwen in Fxgure 5. 14 The experimental AGV is
tethered to the power supplies and the parallel port of the BCC52X BASIC Computlcr/ControlIer.

This computer is further connected to a terminal for programming purposes.

Figure 5.14 - Setup for Complete Testing

The_ specific functional diagram of this testbed is shown in Figure 5.15. For the absolute
position measurement function, there are 2 control lines and 8 input lines. The 2 lines controlled
through portA are the ENABLE, for resetting the measurement function, and the LFI/RGT, for
informing the position mcvzncnt board of the direction of travel. The 8 input lines from portC |

¢

(\
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BASIC Computer/Controller .| .
Terminal

PortA PortC PortB
ENABLE Current .
TFR GT& ) Position Path Tracking

Circuit Control

Absolute Position _
Measurement Function’

-

Figure 5.15 - Block Diagram Overview of the System

C o e C .
are the 8 bits of the natural binary position, (NBC(i) | i=8, ..., 1). For the path tracking circuit

control there are 8 lines controlled through portB. These 8 lines allow path tracking circuit control

_as follows:

bit 7:.
bits 5-6:
hit 4: ‘

bits 0-3:

v
-

Having fully described the systemic control of the experimental

) direction 6f travel
0 - forward
1 - backward

speed control bits
00 - no speed

01—10-11 - increasing speed

type of control
0 - automatic path tracking
1 - manual

if inder automatic control then
alignment of sensors relative to the track
else if under manual control then
" control of angle of front wheels .

-

&
AGY system, a simple BASIC

program was written to test the operation.

10 PORTA=0C800H:PORTB=0C801H:PORTC=0C802H:PORTCTROL=0C803H
20 PORTSET=89H.LEFTEN=16:RIGHTEN=00:HALT=8

30 AUTLEFT=3T:AUTRIGHT=40

40 XBY(PORTCTROL)=PORTSET
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50 INPUT "FINAL POSITION" POSIT

60 XBY(PORTB)=AUTRIGHT:XBY(PORTA)=RIGHTEN
70 DO:UNTIL XBY(PORTC)=POSIT '

80 XBY(PORTB)=HALT

Lines 10 through 30 initialize the important variables. Line 40 initializes the parallel port of the
BASI_C computer such that portA and portB are output while portC is input. The stopping position
of the AGV system is entered at line 50. The automatic path control of the AGYV is started at the
_slowest s ed and the setting of the two co-ntrol lines of the absolute position measurement board
.are accgmplished by line 60. Lmes 70 waits until the AGV's position 1s equal to the entered final

position and line 80 stops the AGV aftcr the condition in line 70 is met.

The running of this program produccd a favorable result. Illustrated in Figure 5.16 is the
before and after running the above program, if the value of the position entered when pfompted by

the terminal corresponds to the given arrow.

I

. Y
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Figure 5.16 - A Test Run

‘5.7 Conclusion
The hardware components necessary to implement the two enhancements for the PRBS
encoding of the absolute position of an AGV were built and tested. From the outcome, it has been

shown that the proposed improvements are feasible.
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CHAPTER 6 - Conclusion and Recommendations

6.1 Conclusion '

the current industrial AGV population. With this approach, all that is required external to the AGV
within the manufacturing environment, is the simple addition of a pseudorandom binary sequence

laid along the guidepath.

Moreover, the basis for future experimental investigation with respect to AGYV navigation
and control with this absolute position rﬁcasurcmcnt capability has been developed and is presently
available. The avoidance of obstacles on the guidepath, followed by recovery of the AGV's

maﬁon can be studied easily with the ability to switch between manual and automatic control when
necessary. Additionally, the 8052AH microcontroller and power supplies could be moved on

board the AGV to remove the tethering and thereby facilitate the testing procedures.

6.2 Recommendations for Future Work
A foremost suggestion would be to extend the principles that were applied from

pseudorandom sequences in the one dimensional casé, to pseudorandom arrays in the two
dimensional case. A pseudorandom array is an area of binary digits such that a window of siie, ,
say n; X 1y, within that array would always be unique and hence correspond to a specific two
dimensional position. This naturally leads to the solving of code reading and code conversion
problems for a pseudorandom window in two dimensions. In general, the difficulties associated
with two dimensional codes would be compounded, for example the orientation of the AGV
relative to the encoding would be a problem of four directions, whereas previously it was only

1wo.
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Another;uca of exploration would be a visual approach to guidepath following and/or code
information reading for either a one or two dimensional pseudorandom case. This gpproach can be
viewed as an alternative or as an addition to the existing system. As an alternative, there would be
* obvious difﬁculty coping with the real-time image processing, but the AGV would possibly be less
constrained by the guid?path and better able to cope with obstacles. In' theg, combinational
approach; the visual sense could provide a means for"scarching and guiding the AGV to the
encoded regions but once there, the AGV would revert to using the easy to process magnetic or
infrared sensors. Furthermore, this visual method could improve the reliability of the AGV syétem
by checking and ensuring that the AGV is in a encoded track or area region, as opposed to the

proximity sensors perceiving that the AGV is in an encoded region when it is not.

6.2.1 Investigation into a Specific Visual Problem
The one dimensional problem, of replacing optoelectronic sensing for the incrementally

encoded free wheel and the circuitry for the synchroﬁizaﬁon logic with a visually based method

written in the C language was explored.

In our laboratory, this sight technique was able to be investigated with the PIP512, a vidcol
digitizer board which plugs into an expansion slot of an IBM PC or compatible computer. The
PIP512, which has a resolution of 512 x 512 pixels with eight bits per pixel, is capable of
operating iﬂ continuous or single frame gréb‘ mode. Data transfer is possible from the IBM PC to

the _I?IPlboard and from the PIP board to the IBM PC.

With accessibility to this boﬁrd and the accompanying software routines, an algorithm
testing the ziforcmcntiohed notion’ is possible. What the algorithm must take into account is
explicated in Figure 6.1. In case (A), the guidepath is to the left of the code track, while in case

' (B) the guidepath is to the right of the guidepath, In both of these cases, there are two subcases -

top line has only gaidepath present or top line has guidepath and code track present. With the
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assumption that the ratio of guidepath width to PRBS quantization width is known, the program
must determine which track is the PRBS and then properly scan the pseudorandom code track:

(A)

(B)

Figure 6.1 - Variations of the Visual Scanning Algorithm

Given in Appendix D are two similar programs that perform the code scanning visually.
Shown on iht; next page by Figure 6.2, is the flow chart for the first of the two programs. The
program in the flow chart begins by initializing the variables and the state of the PIP board. The
next step is to produce a binary image where 'thc background is black (intensity=0) and the
) forcground is white (intensity=255). In this test program, the white corresponds to where the
guldcpath is located and where the PRBS code track is of value "1". In order to obtain this easily
processed binary image of the track, three parameters of the program_ can be adjusted. Thcsg__

\FﬁﬁmEters are-the binary cutoff, the intensity level used as the black/white threshold level, the .

\
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Initialization and
Lighting Setup

* Take Picture and -
- Store in Memory

Row=To;_)=l_20w

Scan Row to
Dectermine Status

” Row=Row+l
Is Status Different
than the

Top Row?

Determine guidepath and
PRBS code information

¥ :

-} count=count_max/2
row=row_change

| count=count+1 |

K

. 1

row=row+1

Is current status
not equal to

previous status?

count=count_max/2 |

|

NO

Is
rows=last_row?

NO

Read sind Collect
Current. PRBS Code

Figure 6.2 - Flow Chart for a Visual Scanning Approach
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offset, and the gain (values that control the analog voltage range of digitization) of tﬁe PIP512
board. If this programming approach fails, then a certain external lighting change may be
ncccssﬁry. After completing this initialization and lighting setup, the PIP512 board performs a
single frame grab, whicﬁ is fully processed by scanning the rows from top to bottofn. To beéin
with, the scanr.ling is continued until the code track changes from its original status to somcthiné
different. This transition line, the first resynchronization location, must be determined to definitely
locate the guidepath and code track and to begin the correct code scanning of the code track. With
respect to the code scanning part of the program, the SYNC pulses of the incrementally encoded
free wheel are replaced by the value of the variable count in the program. Besides this minor
change, the 8-tuple corresponding to-the current AGV's location is collected in the same way as |

before,
_ ~
The execution of the second program is similar except for the fact that the PIP512 board is

operated in continuous frame grab mode and thgs, the pro'cessing is accomplished not by a top to
bottom scan but by continuously reading in the changing top row. The primary advantage of this

second case is the fact that inter-frame correlation is not required

The proper execution of these programs exemplifies the fact that such an approach is -
feasible and could be extended to cope with guidepath tracking. The installation of the camera on

the AGV with real-time testing with feedback would ultimately be necessary.
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Appendix A

Natural Binary to Pseudorandom Binary
Code Conversion Table



Natural Binary

Pseudorandom Binary

Naturai Binary Psendorandom Binary
Code Value Code Value Code Value Code Value
0 00000001 50 10101011 . - ——
i 00000010 51 olo10111 - -
2 00000101 52 10101110
3 00001011 53 01011100
4 00010110 54 10111000
5 00101100 55 01110000
6 01011000 56 11100000
7 10110001 57 11000001
8 01100011 58 10000011
9 - 11000111 59 00000110
10 10001111 60 00001100
11 00011110 01 00011000
12 00111101 62 00110001
13 01111010 63 01100010
14 11110100 64 11000101
15 . 11101000 65 10001010
16 11010000 66 00010101
17 10100001 67 00101011
18 01000011 68 01010110
19 10000111 69 10101100
20 1111 70 01011001
21 11111 71 10110011
22 00111111 - 72 01100110
23 011)1111 73 11001100
24 11111111 74 10011001
25 11111110 75 00110010
26 11111100 76 01100101
27 11111001 77 11001011
28 11110010 78 10010111
29 11100100 79 00101111
30 11001000 80 01011111
31 ~—10Q10000 81 10111111
32 00100001 82 01111110
33 01000010 83 11111101
34 10000101 84 11111011
35 00001010 85 11110111
36 00010100 86 11101111
37 00101001 87 11011110
38 01010011 88 10111100
39 10100111 89 01111001
40 01001111 90 11110011
41 10011111 91 11100110
42 00111110 92 11001101
43 01111101 93 10011011
44 11111010 94 00110111
45 11110101 95 01101110
46 11101010 - 96 11011101
47 11010101 97 10111011
48 10101010 98 01110111
49 01010101 99 11101110

69




Natural Binary

- Pseudorandom Binary

Natural Binary

Pseudorandom Binary
Code Value Code Value - - Code Value Code Value P

100 11011100 150 10110000 *
101 10111001 151 01100001
102 01116010 152 11000010
103 11100101 153 10000100

- 104 11001010 154 00001000
105 10010101 155 00010001
106 00101010 156 00100010
107 01010100 157 _. 01000101
108 - 10101001 158 10001011
109 01010010 159 00010111
110 10100101 160 00101110
111 01001010 161 . 01011101
112 10010100 162 10111010
113 00101000 163 01110101
114 01010001 164 11101011
115 10100010 165 11010111
116 01000100 166 10101111
117 10001001 167 - 01011110
118 00010010 168 10111101
119 - 00100101 169 01111011
120 01001011 170 11110110
121 10010110 171 11101101
122 00101101 172 11011011

. 123 01011010 173 10110111

| 124 10110100 174 01101111

125 01101000 175 11011111
126 11010001 - 176 10111110
127 10100011 177 01111100
128 01000110 178 11111000
129 10001100 179 11110000
130 00011001 180 . 11100001 »
131 00110011 181 11000011
132 01100111 182 10000110
133 11001110 183 00001101
134 10011100 184 00011010
135 00111001 . 185 00110100
136 01110011 186 01101001 |
137 11100111 187 11010011
138 11001111 188 10100110
139 10011110 189 01001101
140 00111100 190 . 10011010
141 01111000 191 00110101
142 11110001 192 01101011 °
143 11160011 \ 193 11010110
144 11000110 194 10101101
145 10001101 195 01011011
146 . 00011011 196 10110110
147 00110110 197 01101101
148 01101100 198 11011010
149 11011000 199 10110101 -
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Pseudorandom Binary

Natural Binary

Natural Bin Pseudorandom Binary
Code Valucary Code Value Code Value Code Value
200 01101010 227 00110000
201 11010100 228 01100000
202 10101000 229 11000000
203 01010000 230 10000001
204 10100000 231 00000011
205 01000001 232 00000111
206 10000010 233 00001110
207 00000100 234 00011101
208 00001001 235 00111010
209 00010011 236 - 01110100
210 00100111 237 11101001
211 01001110 238 11010010 .
212 10011101 239 10100100
213 00111011 240 01001000
214 01110110 241 10010001
215 11101100 242 00100011
216 11011001 243 01000111
217 10110010 k. 244 10001110
218 01100100 245 00011100
219 11001001 246 00111000
220 10010010 247 01110001
221 00100100 248 11100010
222 01001001 249 11000100
223 10010011 250 10001000
224 (0100110 251 00010000
225 01001100 252 00100000
226 10011000 253 010006000
254 10000000
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Appendix B

Program for General Purpose ’
Pseudorandom Binary Sequence Generation



L

" #include <stdio.h>
$include <math.h

#include <stdlib.h> o | _ s
#include <string.h> | _ //#(%\_

/* Set the bit length (3 to 14) and . '
‘ the starting code of the pseudorandom binary sequence. */

§define SR_LENGTH 8 e
#define START CODE 1
‘#define CODE_LENGTH (int) pow(2,SR_LENGTH)-1

int forward[B]={—1,-1,—1,—1,—1,-1,—1,—1},
reverse{(8]={-1,-1,-1,~1,-1,-1,-1,-1};

/* Store the forward and reverse feedback equations with the.
selected bit length by using the forward and reverse arrays. */

"veoid initialization()

( .
1f (SR LENGTH==3)

( forward[0]=SR_LENGTH-1; forward[l]=SR_LENGTH-3;
reverse[0)=SR_LENGTH-1; reverse[1]=SR_LENGTH72;

}

if (SR_LENGTH==4) _

{ forward[0Q]=SR_LENGTH-1; forward[1l]=SR LENGTH-4;
reverse[0]=SR_LENGTH-1; reverSe[l]=SR_LENGTH-2;

b :
.if (SR_LENGTH==5) : .
{ . forward[0]=SR_LENGTH—2; forward[l]:SR_LENGTH-S;
' reverse[0]=SR_LENGTH-1; reverse{1]=SR_LENGTH-3;

}

if (SR_LENGTH==6) ' '

{ forward[0]=SR_LENGTH-1; forward[1]=SR_LENGTH-6;
reverse[0]=SR_LENGTH-1; reverse[1]=SR_LEN9TH—2;

if (SR_LENGTH==7)

{ ' forward[0]=SR_LENGTH-3; forward[l]:SR_LENGTH—?;
T— reverse[0]=SR_LENGTH-1; reverse[l]:SR_LENGTH—Q; A

if (SR_LENGTH==8)

{ forward[0]=SR_LENGTH-2; forward[1]=SR LENGTH-3;
forward[2]=SR_LENGTH-4; forward[3]=SR_LENGTH-8;
reverse[0]=SR_LENGTH-1; reverse[l]=SR_LENGTH-3;
reverse(2]=SR_LENGTH-4; reverse[3)=SR_LEN&¥H-5;

if (SR_LENGTH==9) ' ’
i forward[0]=SR_LENGTH-4; forward[l]=SR_LENGTH—9;
reverse[0]=SR_LENGTH-1; reversef{l])=SR_LENGTH-5;

if (SR_LENGTH==10)

{ forward[O}=SR_LENGTH—3; forward[l}=SR_LENGTH—10;
reverse[0]=SR LENGTH-1; reverse[l]=SR LENGTH-4;
} - . . '
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if (SR LENGTH==11)

{ ~ forward[0]=SR LENGTH—Z- forward[1l)=SR_ LENGTH ~11;
reverse[O]-SR_LENGTth; reverse[l]=SR_LENGTH-3;

-}

if (SR’ LENGTHy&12) .

{ - forward[0]=SR LENGTH- 1- forward[1l]j=SR LENGTH-4;
forward(2)=SR_LENGTH- 6- forward[3]=SR LENGTH-12;
reverse[Olnsn_LENGTH—l; reverse[l]wSR LENGTH-2;

‘reverse(2]=SR_LENGTH-5; reverse{B]-SR LENGTH 7,

T~—if (SR_LENGTH==13) ‘

{ forward[0]=SR LENGTH- 4¢ forward[1]=SR_LENGTH-10;
forward[2]=SR_LENGTH-6; forward[3]=SR_LENGTH-13;
reverse[0]=SR LENGTH-1; reverse[l]=S5R_LENGTH-~5;
reverse[2)=SR_LENGTH-7; reverse[3]=SR_LENGTH-11;

) f? | -

(SR_LENGTH==14) .
forward{0]=5R_LENGTH~4; forward[l]=SR LENGTH-13;
forward[2)=SR_LENGTH-8; forward(3]=SR_LENGTH-14;
reverse[0]=SR LENGTH-1; reverse[l]=SR_LENGTH-5;
reverse[2]=SR_LENGTH-9; reverse[3)=SR_LENGTH-14;

)

/* This procedure takes an inféger variable, converts it to its
. binary equivalent, and stores it in a character variable. */

void int_to_bin(int num, char *pb)
{
int i;
for (i=SR_LENGTH-1; iy= 07i~=,num>>=1)
pE[l]—(Ol&num)+ 0’;
pb{SR_LENGTH]="\0';

~

/% Given a character variable containing a pseudorandom binary
code, a single forward or single reverse feedback shift are
performed by the following two procedures respectlvelxl *y/

void forward_ feedback _shift(char *pb)
{ int 1=0,x0r=03;
while (forward[i]'=-l)

}

for (i=0; i<=SR LENGJ# 2;i4+)
pblll pbli+1]);

if (xor/2!'=(float)xor/2)
pb[SR_LENGTH—1]=’l

i

else ,
pb[SR_LENGTH-1}='0";

T
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void reverse_ feedback_shift(char #pb)
{ int I=0,xo0r=0;
while (reverse[i)l=-1)
{ if (pblreverse[i]])!=70")
f TXOL++;
i+4;

} , :
for (i=8R LENGTH-1;ib=1;i~-)
‘ pbli]=pbli~1];
if (xor/2!=(float)xor/2}
pb[0]="1"; .
else '
' ' pb(0]="0";. - '
} .
/* Given a pseudorandom binary code stored in a character
variable, this routine swaps the order of the bits
and stores it back in the original variable. */

void binary code flip(char *pb) : )
{ int i; ‘ . -
char tempil]; :
for (i=0; i<SR LENGTH/2;i++)
{ temp[0T=pb[i];
pb[i]l=pb[SR LENGTH-1-1i];
} . Pb[SR_LENGTH-1-i]=temp[0];

}

/* The following procedure generates the complete code conversion
table using the forward feedback equations; whereas
the next procedure uses the reverse feedback equations.
In either ;3597 the results are printed on the screen. * /

forward_prbs_géneration()

char code[SR_LENGTH+l],binstr[SR LENGTH+1];
int k;# ' -
int_to_bin(START~CODE,code); , 1
for (k=0;k<=CODE_LENGTH;k++)

(

int_to bin(k,binstr);

printf ("position[%d,%s])= ",k,binstr);
printf (“%$s\n",code); '
forwardﬁfeédback_shift(code);

R

reverse_prbs_géneration()
char code[SR_LENGTH+1],binstr[SR_LENGTH+1]; ’

int k;
int_to_bin{START CODE,code);
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for (k=CODE LENGTH;k>=0;k—¥)

{
‘ int_to_ bin(k, blnstr),
printf ("positlon[%d $s)= ",k, binstr);
reverse feedback Shlft(COdE),

. printf T“%s\n",code),

B
/* This routine prints out the blnary values corresponding to one .

pseudorandom binary seqlience on the screen. */

periodic_prbs_code()
. char code[ SR _LENGTH+1], blnstr[SR LENGTH+1],
int j,k,rem;
int_to_bin(START CODE,code);

printf ("prbs code . . e s . . JA\D\D");
printf- (" %s\n",code),
for (k=0 k<'=CODE _LENGTH-SR_LENGTH; k+=SR " _ LENG§H)
{ - for (j=17j<=SR LENGTH; 3++)
) : forward feedback _shift(code);
. strcpy(blnstr coge) ;
o if (k>CODE LENGTH-2*SR LENGTH) .
{ " rem=(CODE LENGTH)—‘CODE \?ENGTH)/SR__LENGTH*
SR_LENGTH;

binstr{rem]="\0";
} _ —
printf(" $s\n",binstr); -
} > ) ’ .

/* Main procedure where after calling 1n1t1allzat10n one can call
the above procedures in any order. */
initialization();
forward fee back shift();
periodic_prb




Appendix C

Detailed Circuit Diagrams of the Hardware
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Visual Code Scanning Programs



B

%

e : , e e
e : o , _ : _ MR

#include <stdio.h>
#include <process.h>

/% All the important constants are defined beiow. */

$define BASE ADDR 0x26C
$define VIDED STD 0
$define CHANNEL 2

$define
#define
$define
$define
$define
#define
$define
$define

" $#define

#define
$define

EXT S¥YNC 1

MAP 0
COLOR 0
START 0

LUTVALUES 256
MAX PIXVAL 255

CHAR MAX
CHAR _MIN

'\377"
\C70

ESCAPE '\033'

DONE 'q’
Up ‘'u’

#define DOWN 74’ . ' ) =
tdefine BI_CUTOFF 'b* ) '
$define GAIN ’g’ L

$define OFFSET ‘o’ _ /(/-
$define YES 'y’ . \

$define NO 'n’ )

$define DISABLE 0

$define ENABLE 1

$define QUAD 0 '

$define WINDLENGTH 512

$define WINDWIDTH 480 5

$define WINDLEFTCOL 0. , \
$define WINDRIGHTCOL 512 - o -

#define ASPECT_RATIO 0.88 |
#define SR LENGTH 8

/% Declaration of the global variables. */

int bi_ cutoff,gain,offset; i
char *Tutbuffer,- *rowbuffer; N

int guidepath_start,gquidepath_ w1dth,prbs start,prbs_width;
int status present rowchange,

int code_ track _position;

' /* Clears the screen by using an ANSI sequence. ¥/

¢

void clear_screen ()

{
}

printf ("%c[2J",ESCAPE);
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Ve Initialiées the PiPSlZ board to a known stable state. */

void initialization ()

{ L :
fg_init (BASE ADDR); '

fg_video (VIDEO_STD); - -

fg_chan (CHANNEL); .

fg_sync (EXT_SYNC);

fg_sbuf (DISABLE);

} .

/* The parameters, which affect the quality of the binary
image are set to their starting values. */

void starting point _init ()

{7 . . _
extern int bi_cutoff,gain,offset;
extern char *Tutbuffer; :
int index; . '
bi_cutoff=128;
gain=160; :
offset=100; :
for (index=0;index<bi cutoff;

*(lutbuffer+index)=CHAR MAX, index++);

for (ihdexnbi_cutoff; index<LUTVALUES;

*(lutbuffer+index)=CHAR MIN,index++);

fg Tutd (MAP, COLOR, START , LUTVALUES, lutbuffer ) ;
~£9_lutm (MAP); ,
fg_gain (gain);
fg_offset (offset); oY
/* The following Jroutine allows the modification of the
- aforementio
image. */

" Y -
-

void modify values ()} .~~~

extern int bi cutoff,gain,offset;
. extern char *Tutbhuffer;
: .char choice,parameter;
parameter=BI_CUTOFF;
clear screen (); .
pEintf ("bi_cutoff=%3d gain=%3d offset=%3d\n"

do v :
{ choice=getch{);

if (choice==BI CUTOFF || choice==GAIN I choice==0FFSET)

parameter=choice;
else if (choice==Up)
{ ifH(parameter==BI_CUT0FF)
P if (bi Cutoff<LUTVALUES)

d parameters to produce a good quality binéry

+bi_cutoff,gain,offset);

{_*(lutbuffer+bi_cdtoff)=CHAR_MAX;

++bi_ cutoff;
fg_lutd (MAP,COLOR,START,
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else if (parameter==GAIN).
{ if (gain<MAX_PIXVAL)
{ ++gain;
fg gain (gain); }]
else if (parameter--OFFSET)
v2 - 1if (offset<MAX PIXVAL)
{ ++offset;
S : fg_offset (offset);})}
else if (choice==DOWN) ' : o
{ if (parameter==BI_CUTOFF)
{ 'if (bi_ cutoff>DISABLE)
, {T--bi _cutoff;
*{lutbuffer+bi _cutoff)=CHAR MIN;
fg lutd (MAP,COLOR, START,

else if (parameter--GAIN)
o { 1if (gain>DISABLE)
--gain;
A = fg _gain (gain);}
else if (parameter==OFFSET)

——— {f if- (offset>DISﬁBLE) -

- . { ——offset;
£q_ offset (offset) }}]
clear screen ();

printf ("bi cutoff=%3d gain=%3d offset=%3d\n"

, +bi cutoff,gain offset) }
while {choice!=DONE); g

}

/* The above two procedures together constitute the lighting
setup procedure. */ '

void lighting_setup ()
' starting point_init ();

modify values ();

}

/5 The PIP512 performs a frame grab - taking an” storing a picture
of 512 x 512 pixels. */ ‘ . L

void téke_picture() L '

{ ' '
" fg_cgrab(DISABLE); . /
fg_snap (ENABLE); e ‘
" fg_sbuf (ENABLE); :
} .
‘. '(;"% .
- - . kﬁ‘?’.“:- - v
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& . - ' .
. /* This procedure determines the row where the first code track

transition takes place and then ‘calculates the location and
* width of the guidepath and the code track. LV )

void starting_point ()
{ - L]

_ ‘extern int guidepqth_start;éuidepath width

-7 /Prbs_start,prbs width;
extern int status_present, rowchange; ”
extern char *rowbyffer;
char tempi. ]

-int rowread,column;
" int status_old,status;

¥

~ '

/* This double loop determinés the value of rowchange, */
’
for (rowreadzo;rowread(WINDWIDTH;towread++)
{ £g9_rowr (rowread, QUAD, rowbuffer);
‘status_presenta0;
temp=*rowbuffer; . '
for (column=WINDLEFTCOL+1;column(WINDRIGHTCOL;column+¥)
{ if (temp!=*(rowbuffer+column))
f temp=*{rowbuffer+column); *
status present++; }}
if (rowread==0)
status_old=status_present;
if (status present!=status old) Vo
{rowchange=rawread; ~ = | ¢ '
break;} * Co
} : , |

-

/* Obtaining the track positional informaéioanollows. L4

I
if (status_present==2)

. rowread=rowchange; s
else if (status_present==4) . N
rowread=rowchange-1; : .
fg rowr (rowread,QUAD,rgwbuffer); X
status=0; -

for (column=WINDLEFTCOL;column(WINDRIGHTCOL;column++)
{) temp=*(rowbuffer+column); ‘ ’
v if (status==0) ’ s,
an ~ [ if (temp!=CHAR MIN)
’ { status=1;

o guidepath start=column;}]
else if (status==1) :

([ if (temp!=CHAR MAX)

{ guidepEth_width?column-gﬁidepath_start;
) . break; }]

e
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~ i . s
a . /?f (status_presqntm=2)
’ reyread=rowchange-5; - .
else if (gwitus present==4) . -
ead=rowchange+5; :
£g_rowr (rowread,QuUAD, rowbuffer),
status=0;
for (column-gu1depath start+3*guidepath _width/2; -
- column<WINDRIGHTCOL column++)
’ { temp-*(towbuffer+column), y .
if '(status==0) ©
. { if (temp!-CHAR MIN)
{ status=1l; '
‘ prbsg_ start-column }} ,
else if (status==1l)
: " { if (templ=CHAR’ MAX)
. . ' { prbs_width=column-prbs _start;
- . code track_position=0; .
- . - o ‘ break; }}

¥

if (status==0) '

{ for (column= gu1depath start- gu1depath w1dth/2-
coTumn>=0;column—--)

e

{ temp=*(rowbuffer+column),
* ¢ if (status==0)
- { 3f (temp!=CHAR_MIN)
{ status=1;
prbs_ width-column }}
‘else if (status==l)
f if (temp!-CHAR MAX)
- ' ” { prbs_width-=column;
' E . prbs_start=column;
U . code_track position=1;
: break; }}

| _ _ g
/* With the data from the previous procedurb, the code scanning

routine can easily obtain the pseudorandom binary code
values. */

void auto_synchronization_scanning () N
{ .
extern int guidepath_start, guidepath width,

. prbs start,prbs _width;
extern int status present rowchange;
extern char *rowbuffer;
int rowread, column/count count_max,status, 1,
char p051t1on[SR LENGTH+11 .
strcpy (p051t10n,?00000000")° i

. count_max=guidepath W1dth/ASPECT RATIO e T T
count=count max/2;
printf ("count-%d\n",count),



¥
-~ - I

for (rowread=rowchange ; rowread<WINDWIDTH; rowread++)

, .- { fg_rowr (rowread,QUAD, rowbuffer);
: count++; ‘
status=2; ‘ ) : o .
for (column=prbs_start-prbs width/2;"
. column<prbs_start+3*prbs widt jcolumn++)

{ if (*(rowbuffer+column)!=CHAR MIN)
: [.status=4; -
_ break; }} ‘ "
if (status_presenti=status)
{ status presentmstatus;
. count=count_max/2;}
. - if (count==count_max)
{ count=0;
fg_setind(0};
fg moveto(0, rowread);
fg lineto(511,rowread);
for (i=0;i<=SR LENGTH-2;i++)
. position[i]=position[i+1];
if (status_present=m2)
position[SR_LENGTH-1]='0’;
else if (status_present=wq).
positiontSR_LENGTH-1]='1’;

o } | S L
B N :

/* The abéve 2 .routines make up .the PRBS code scanning
routines. */

void PRBS_code scanning ()

{

' starffhg_point ();

auto 'synchionization scanning (); -

}

)* The main procedure sets up the buffers and calls the

appropriate proecedures to correctly scan one complete
picture. */ : ’ ~ -

’

main()

{

’

extern char +* utbuffer,*rowbuifer; )
lutbuffer=(ch *) calloc(LUTVALUES,sizeof (char))};
rowbuffer=(char *) calloc(WINDLENGTH,sizeof (char});

o initiagization ();
lighting setup ();
take_picture(); .
PRBS_code_scanning();

\

~
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/% This
. the
{a)

#include <stdio.h>
#include <process.h>

fdefine
#define
#define
#define
#define
#define
#define
$define
#define
#define
#define
#define
$define
#define
#tdefine
#define
#define
#define
f#define
#define
#define
fdefine
#define
#define
#define
#define
$define
#define
#define

13

~-previous program. Firstly,

13

program is very similar to the previous one, except for
following changes: o ' 1 ' ,

the fundamental change is in the way that the next row -
for processing is read in. 1In the previous program, the
new row was simply the next row in the buffer; however,
in this program the next row is always the first row in
the buffer because the frame buffer is being updated
dynamically. - ’ '

This row reading change affects three procedures from the
the take picture procedure has
been replaced by a row_read procedure (always the first
row). The other 2 routines, which have been affected by
this alterationvare starting point and :
autg_synchronization_scanning, have been modified to
properly account for this difference. Note that the -~
functional purposes of the latter 2 procedures is the
same. */ - . . /

BASE ADDR 0x26C ¢ N
VIDEG_STD 0 B : :
CHANNEL 2

EXT_SYNC 1

MAP 0

COLOR 0 >

START 0

LUTVALUES 256

MAX PIXVAL 255 .

CHAR_MAX ‘\377¢

CHAR MIN ’\000’ - "

ESCAPE '\033’

DONE g’ '

UP '"u’
DOWN ‘4’
BI.CUTOFF
GAIN g’
OFFSET ’o!’ ‘
YES 'y’ -

NO 'n’ '

DISABLE 0

ENABLE 1

QUAD 0 , _
WINDLENGTH 512 \
WINDWIDTH 480 ' - :
WINDLEFTCOL 0

WINDRIGHTCOL 512 .

ASPECT_RATIO 0.88 : ) .
SR_LENGTH 8 . ‘ ‘

thr ’ f
b . ) .

- . : -
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'}

~.

.int bi cutoff,gain,offset;

char *Iutbuffer, *rowbuffer,

int guidepath_start,guidepath width prbs_ start prbs width:
int status_present,rowchange;™
int code_ track _position;

-

~

void clear_screen ()

{
} - _
void initialiéation ()
i
£g_init (BASE_ADDR);
fg “video (VIDEO _STD); ) »
£q9_chan (CHANNEL);

fg sync (EXT_SYNC);
fg cgrab (ENABLE),

printf ("%c[2J",ESCAPE);

void startiﬁg‘point init ()

"'extern int bi cutoff,gain offset,

- extern char *Tutbuffer

Y " Nint index;

bi cutoff=128;

gain=160;

offset=1003 /

for, (1ndex-0 index<bi cutoff;
*(1utEuffer+1ndex)nCHAR MAX, 1ndex++),

-for (index=bi_ cutoff; index<LUTVALUES;
*(1utbuffer+1ndex)-CHAR MIN, andex++L,

fg lutd -(MAP, COLOR START, LUTVALUES lutbuffer?,

fg_ lutm (MAP)
fqg galn (galn),
fg~ offset (offset),

} .' N

void modify values {)

£t -

extern int bi cutoff,gain, offset

extern char *Iutbuffer,

char choice,parameter;

parameter=BI_ CUTOFF;

clear screen ();.

printf ("bi_cutoff=%3d ga1n=%3d offset-%Bd\n"

do A
{ choice=getch(); ‘ L
if (choice==BI_ CUTOFF || choice==GAIN || choice==0FFSET)
parameter=choice; : . ‘

I
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else if (choice==UP)
' { if (parameter==BI CUTOFF)
{  if (bi_cutoff<LUTVALUES)
{ *(lutbuffer+bi cutoff)-CHAR MAX,
. ++bi_cutoff;
- fg_lutd (MAP,COLOR, START,
' : . LUTVALUES, 1utbuffer);}1

else if (parameter--GAIN)

\ { 1f (gain<MAx_ PIXVAL)
* { ++gain;’ '
fg_gain (gain);}} " e

else if (parameter--OFFSET)
{ if (offset<MAX PIXVAL)
{ ++offset;
fg offset (offset);}}}
- else if (choice==DOWN)
{ if (parameter==BI _CUTOFF)
. { if (bi_cutoff>DISABLE)
. R < {T--bi cutoff;
. _ *(lutbuffer+bi_ cutoff)=CHAR_ MIN-
fg lutd (EAP COLOR, START,
- LUTVALUES, lutbuffer);}}

else if (parameter==GAIN)
{ if (gain>DISABLE)

. tK-; - --gain;
N fg_gain (gain);}
. else if (parameter--OFFSET)
' N { if (offset)DISABLE)
‘ { ——offget; - '
fg offset (offset) 13 ‘

clear screen ();
printf ("bi cutoff-%3d gain=%3d offset-%3d\g"
- +bi_cutoff,gain, offsét),

while (ch01ce!-DONE),

*

“void lighting setup ().
{
starting_point_init (); -

modify_values ();

}

void row read({) '
[ -_ - . .
f9_cgrab(DISABLE); N
. f£g_rowr (0,QUAD,rowbuffer); - . -
i fg_cgrab (ENABLE), : ‘
}
’ wl
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"void starting point ()

{

s

T T R T T G SR ey T e e R T T N S Y e ‘f??.q’ At endntt

~int status old,§tatus,

. ] ‘ M ) - - f

»

"_\. ‘ .‘
extern int guidepath start,guidepath_width’ '

= ,prbs start,prbs width;
exter int status_present;

h char- *rowbuffer; . Coa -
char temp; . '
int column,temp start,temp ° width- .

~
row read(); ) .
status_old=0; <
for (column=WINDLEFTCOL;column<WINDRIGHTCOL; column++)
{ temp-*{rowbuffer+column),
if_(status_old==0) \ -
{ if (temp!=CHAR MIN).
{ guidepath_start=column; '
status_old=1;}} -
if (status_ old==1) ,
{ if (temp!=CHAR_MAX)
: { guidepath width-column guidepath start;
status_old=2;}}
if. (status oldm=2) . . L r
{ if7(temp!=CHAR_ MIN) _ - ‘
{ prbs_start=column; -
status _0ld=3;1}}
if (status-old==3)
{ if (temp!=CHAR MAX)
{ prbs wTdth-column—prbs start;
status_old=4;
break }}

do : . . .
{ cow read(); i L3 N

status_present=0;

. temp=CHAR_MIN;

"for (column=WINDLEFTCOL;column<WINDRIGHTCOL;column++)

{ it (temp!-*(rowbuffer+column))
{ temp=*(rowbuffer+column});
status_present++; }}

while (status_present==status_oild);

if (status_present==2)
{ status=0;
for (column=WINDLEFTCOL;column<WINDRIGHTCOL; column++)
{ temp-*(rowbuffer+column),
if (status==(0)
- { if (temp!=CHAR_ MIN) o : ‘
{ status=1; e
temp_start-column;]}

F



- elee if (statugww=l) ’ : - "
) { if {temp!=CHAR MAX) '
- { temp widthecolumn-temp start;

break; }} L

) :
if (quidepath_start<=temp start-temp width/2 ||
gquidepath_start>=temp start+Temp width/2)
~ { prbs_start=guidepath start; :
7 prbs_width=guidepath width;
guidepath start=temp start;

~guidepath widthetemp width;
| - .
}

else $F (status_present==4)
{ status=0; :
for (column-WINDLEFTCOL;column<WINDRIGHTCOL:6olumn++)
A temp=*(rowbuffer+column);
if fstatus==p) - - :
' { if (temp!=CHAR MIN) )
s BN { temp_start=column;
‘ status=1;}}
if (status==1) ‘
{ if (temp!=CHAR MAX) . : .
, {, temp_width=column-temp start;
‘ status=2;}} ~
if (statusw=2) ,
{ if (temp!=CHAR MIN)
{ prbs_start=column;
status=3;}} -
if (status==3) T
{(if (temp!=CHAR_MAX) . ,
{ prbs width-cqlumn—prbs_start;
: break; }}- \
if (guidepath_start<stemp start-temp width/2 | ]
guidepath _start>=temp start+Temp width,/2)
{ ‘prbs_start=temp start; prbs width=temp width;}
) T = -

if (2%prbs width<=quidepath width)
prbs_width=guidepath width;
} : o

void auto_schhroniéation_scanning ()

extern int guidepath_start,guidepath_width

‘ +Prbs_start,prbs width;
extern int status_present; - -
extern char *rowbuffer; . :
int column,count,count_max,status,i,j-O;
char position[SR_LENGTH+1],temp;

9.4 | /’



T

.. strcpy (position "00000000") ;"
- count_max=guidepath_: width/ASPECT RATIO;
* count=count max/z,
do o
{ row_read(); '
count++; . J++;©
status=2;
for (column=prbs_ start prbs width/2; '
column<prbs_start+3*prbs_ width/z,column++)
{ temp-*{rowbuffer+column),
if (status==2)
v { if (temp!=CHAR MIN)
status=3;}
_ if (status==3)
' { if (templ-CHAR MAx)
. ‘ { status=4;
break; }}

~

if (status _presentl=status)
{ status_presentwstatus;
count=count_max/2;}

if (count==cpunt max)} _
o /{\Eﬁﬁnt-ﬁ
' ’ . for (1-0 i¢=SR LENGTH- 2;1i44)
. p051tionTi]-posit10n[i+11,
if (status_present==2)
position[SR_LENGTH- 1]-'0"
LI else if (status present--d)
position[SR_LENGTH-1]m’1l’;
2w~  printf ("posithn-%s\n",posltion),

}

. ‘ _
- while (j!=1000); .- : -
} :
vo¢d PRBS_‘code_scanning ()

A

starting point ();

auto_synchronization_scanning ();

main{) . ‘ \

»

extern char *lutbuffer,*rowbuffer; - '
lutbuffer=(char *) calloc(LUTVALUES,sizeof (char));’
rowbuffer=(char *) calloc(WINDLENGTH,sizeof (char));

initialization ();
lighting_setup (};
* PRBS_code_scanning();

AN
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