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Advances in computing techﬁology¢ automated and programmable
manufacturing elements such as compﬁter-numerical machiﬁes, ad-
van;ed 5eﬁ§o; systems, and robot manipulators, have made Flexible
Manufacturing Systems (FMS) a reality. This thesis presents a
methodology for integrating manufacturing elements intec a coordi-
nated Flexible Manufacturing System. Manufacturing elements are
first_integrated into modular and proérammable Flexible Manuféc-
turing Cells (FMC) that éxecuté manufacturing.activities. Based
upon the mechanical equivalence of a FMC to a computer, the core
building blocks of FMS’s, a FMS can be considered as a multipro-
cessor system. Process Activity Diagrams (PAD), a tool developed
for the design ofﬂﬁhltiprqcessor systems, are applied to the
specification of the manufacturing process in terms.of the set of
required activities executed by FMC’'s, and are used to organizg
and coordinate these activities in the corresponding FMS. In this

way the FMC’'s are integrated into a FMS.

iv
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Chapter 1. ~_//

Introdugtion

The purpose of this thesis is to éresent the applicability of
°Process"ﬁctivity Diagrams (PAD) to the specification of the
manufacturing process and the implementation of an integrated
Flexible Manufacturing System. With thg advances in computing
tebhnoiogy, automated and programmable manufacturing elements —
such as computer-nmumerical machines, a@vancedfsensor systems, and
robot manipulators, %lexible Mapufacturing éystemé (FMS) are

becoming a reality.

Much of the past research effort in automated manufacturing.
has been related to the direct control of individual elements

such as robot manipulators, sensor systems, end effegtors, etc.

Today, many of these elements are available from vendo
ready-to-use form and are ?upplied with their own progra
controllers. The major effbrt of users .must now be di cfed

towa;&;}he integratioﬁ of the varicus eleﬁents into a coordinated

L 3 . .
Flexible Manufacturing System whigé_can be reconfigured at ac-

ceptable costs.

To indicate the scope and complexity of modern automated
manufacturing, Chapter 2 presents the history of automated manu-
facturing from its beginnings in the iIndustrial Revolution to the
modern era ?{vsompufer Integrated Manufacturing. The important

changes in manufacturing that led to the notion of Flexible
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Manufacturing are highlighted.

In Chapter 3, a short description of Flexible Manufacturing
Systems andfgts eleménts is presented. To show the ad-hoc nature
of TMS’s, different organizational approaches taken to control
and coofdinéte ité elements are alsc presented. The core‘building

.blocks of FMS8’s are shown to be Flexible Manuf%cturing bellsJ

In Chapter 4, the functional elements of FMC’s arevpreseqped
| and the view that a FMC ig-the mechanica&'equivélent toc a com-
puter is introduced. Based upon this equivalence, a gen?ral
purpose coordinator architecture and corresponding cell-level
proéfamming language, used to implement the FMC's activity,,ére
proposed. Together, they allow the intégratioq cf manufacturing

elements from different sources into a programmable FMC.

"In«Chapter 5, Process Activity Diagrams (PAD)}, a tool ﬁged in
the design of multipro%essor systems, are presented. Since a FMS
can be considered as multiprocessor system consisting of FMC’s,
d+ is shown that PAD’'s can be used to specify the manuf;cturing
process in terms of é coordinated.set of manufacturing activities
-executed by FMC's. To demonstrate the applicability of the metho-
dology, the manufacturing process of Printed Circuit Boards (PCB)
i1s specified in terms of PAD’s and approaches to the integration

the FMC’s into a FMS are discussed.

In Appendix A can be f&ﬁhd a copy of three publications which
touch on some o the points presented in the thesis and which
indicate the evolution of the reported research. The first publi-

cation, 'Oligarchy: A Control Scheme For Flexible Manufacturing-
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Systems,’ relates to the'§verall coordination aspects of FMS's.
The second publication, ‘Segmented ﬁié;;programming: A Technique
For Designing Special Purpose VLSI Processors,’ explores some of
the ideas that wer; applied to the design of various controllers.
" The last publication, “PAD: A New Tool For FMS Design,’ conaiders
the major ideas cohcg;ning the design and programming of FMC's

and integrating them into a coordinated FMS using PAD’s.

-

\

J/
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Chapter 2

Autometed Manufacturing

2:1 Introduction

~

In this chapter, the various aspécts of automated manufac‘"{
turing are presented beginning with a short account of its histo-
ry. The continueémand expanded use of computers in manufacturing
is shown to result in.Computer Integrated Manufacturing (CIM). 1/\\::
The Flexible Manufacturing System (FMS) is shown to be the ng;tﬂ,j
step to fully automated manufacturing at the factory level.

2.2 The History of Automated Manufacturing

AY

L] . -

The introduction of automation in every aay life begins in .
the period preceding industrial automation. Although automation -

techniques and schemes had been applied in various areas of human
-

endeavor, from toy making, clock, watch aﬁd‘musical box making,
and even life mimicking automatons (the Scribe and the Musicéhn'
mechanized dolls ffom Pierre and Henri-Louls Jacgquet-Droz in 1774
[ALBUB1]}}), most of these applications were not directeq towards

the éutomation of industrial activities.

2.2.1 Hiéto;ical Factgss Leadiné to Automated Manufacturing
s .\‘
Before 1820, manufacturing of goods was largely done by hand,

with tremendous dependence on craftsmen, their hand tools,'and
their gkills. In the manufacturing of goods, although the product
quality could be very high, the involvement of craftsmen meant a

limited number of products, and rather high production costs.

e
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After 18008, manufacturing of goods was increasmngly done by
machines. The production of goods is made more practical and
attractive for two main -factors: the harne351ng of mechanical

P ]

power and %00l speclalization and automation. 3

-

2.2.1.1 Harnessing of Mechanical Powjﬁf_\‘
- Industrlal automation first took-the—form of the application
[

of mechanlcal power to 1ndustrxal activities. The application of

power +to indusérlal actlvi\_ s the distinguishing factor markiﬂg

. \ /
the Industrial R$Ziiiji§¥.

Power was first harnejsed from water streams and the wind.
Power obtained thi; way a léwed for b?tté;-soil irrigation in the
agricultural indus£ry, powered the sawd of wood mills in the

lumber industry, and drove the large lqoms in the textile indus-

try [PALM6S]. _ | -

The next major development in the harnessing of power arose
with the invention of the- steam efgine. It was first applied in
the mining industry to pump out water an&?%ventually ﬁo pull
carts.loaded with the extracted mineréls out of tﬂe mines along
track ways, or rail ways, by use of pulleys and_takeup wheels
[PALMES]. Soon after, with the i;vention of the ﬁovernor, control
over the speed of the engine was possible, and prcvidgd the
industry with a constant, continuous and more reliabie driving
rower. The steam engine could then be applied to the transporta-

tion sector and immensely improved communications, the distribu-
»

tion of people, éroducts and materials, and market flow.
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—

With the applicationiof steam power to industrial machinery,
the Industrial Revolution\had firmly begun. Later, other forms of
1 . —

power were discovered and gsed in the industrial community, such

ey

s .
as the power provided by{the internal combustion gasoline engine

and the power of electricity.

S

2.2.1.2 Tool Specialization and Automation
: - =

The process of shiftiné from hand tools to power machinery is
what.is meant‘ﬁy-tﬂe Industfial Revolution. Therefore tools and
automation are directly. linked when considering tool impact on
manufacturing. An increase in tool complexity, precision, and
speclalization directly results in an increase iﬁ manufacturing

capabiiity and automation.

Tools are capability enhancement devices permitting users to

perform manufacturing operations more easily, with better preci- .,..

,__sién, and more quiaﬁly while still providing effective control

over the manufacturing steps. When the tools are properly se-
lected, they combine' their benefits to give an increased produp—‘
tion rate as well as an increase in quality of the product. There
are two major types of tools: general purpose tools, and spe-

cialized tools.

General purpose tocls are usually simple in nature, require,
for most applications, only a basic background on their use and a
minimum amcunt of skill to use them in making simple products. To

make more complex products, the user must possess more advanced

skills.
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Specialized tools &n'the other hand, are designed to satisfy .
needs in the mahufacturing of products that cannot be met effec-
" tively with general tools. To use specialized'tools, the user

must be adequately trained. or possess appropriéte skills. The
size of the production run and the complexity of the product to
manufacture are the main factors affecting the choice of tool and

the demand on user skills.

In terms of automation, one of the earliest and most widely
acknowledged form of practical industrial automation in the true
sense of}the word, was the invention of an automated loom for the
silk indﬁstry by the Frghch weaver Joseph~Marie Charles Jacgquard
in 1801. Not only was it powered but it alsoc operated independ-
gﬁ%ly of human labour and control, aﬁd most notably, was.con-
trelled in the same way numerically controlled machines are

controlled today, by means of a “program” encoded in an “array of

holes punched in a series of cards” [GUNN82] (see Figure 2-1).

In modern mapufacturing, automated tools are used almost
everywhere and most extensively in machining applications. With
such toolst the production process depends less upon user skills
and more upon the user’s ability to control the tool in shaping
the product. The user’sltasks mainly have to do with feeding the
tool and supervising the toql’s pfﬁgress.

2.2. 2 Programmable Tools | _
.
o . &

The next step in the evolution of tools is programmability.

Tﬁere are in general two approaches to programmability: data

driven and algorithm {(computer) controlled.
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Figure 2-1. Jacguard’s Loom.
(taken from [GUNNB82])
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Data driven tools are largely machinifg devices that
transform raw materials into usable partis which are either fin-

-

ishedproduffg?\gf are used later in-the assembly of other pro-
dﬁéii;I:ijﬁining devices are largely pro \émmable Numerically-
Controlled (NC) machine tools, whose actions are éoverned by
numerieal data and various product specification parameters for
each step in thelproduction sequence. More simply, NC machines
are a form of programmable tool in which the pfocess is con-
trolled by numbers, letters, and symbols [GROOB@]LGROOB4]. The
earliest independently running N{ machine tools were controlled

by means of a hard-wired contrel unit that read the part program-

ming data directly from a punched tape. --

Before computers were used to contrel NC machines, a manual
approach was used. The manual NC method.of control in manufac- -

turing [GROO8B8P][GROCB84] consists of the following steps:

1: The engineering drawing of the workpart to be manufactured is
interpreted in terms of machining instructions on a special
form called a part programming manuscript; the part program-
ming manuscript, unique to the tool being used, is a listing
of the relative tool and workpiece locations, and includes
other data such as preparatory commands, needed to operate
the machine under tape control; o

2: A punched tape is manually prepared directly from the part
programming manuscript;

3: The tape is checked and verified;

4:/\$he NC machine performs the job under tape control.
The manual method requires that the part programmer be

knowledgeable about the machining process and have also been

+rained to program NC machines. The responsibilities to plan the

]
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sequence of driving data used b} the NC machine and to write
these down in a special format belong to the part programmer
himself. Once a'job is initiated, there is less need for con-
tinuous supervision by the machinist. Improvement in quality
control are made because produétion becomes more sfstehaﬁic and

less dependent on worker skills. ‘ -

-

Since detailed paf% information must be fed to the machine, a

more complex setup is required for NC machines. This type of

programmable tool is referred to as data“drijgn automation

[JURG83], because the incoming data represents the “control” of
h |

the machine. It is still the most widely used form of auvtomation

in industry today. -

Computers were first used to dé computer-assisted part pro-
gramming where the pért pProgrammer uses an NC part programming
language to describ§ a'gart. In fhis way, the the tedé%us compu-
tiﬂg work is transferred to the computer. The computer produces,
from the set of geometrical descriptions, numerical data required
by the NC machine. The data are transferred to punched tape useé
by the NC machine. In this arrangement, the computer is not
directly in charge of the NC machine. Several examples of such
languages are based on MIT’s Automatically Programmed Tools (APT)
;uch as: IBM's ADaptation of APT (ADAPT), EXtended subset of APT
(EXAPT) from Gérmany, UNited Computing Corp.’'s ATP (UNIAPT),
Sundstrand Processing Language Internally Tra§§lated (SPLIT),
Manufacturing Data Systems, Inc.’s COMPACT II, Weber N/C System,

Inc.’s PROMPT, and Cinclnnati Milacron’s CINTURN.

&
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The first attempt to use computers tb directly control NC
machihés wagfin'a large job shop where several NC machinéﬁ were
used tp perform a number of machining steps. Several NC machine
tools were directly 1inked\to‘a single central computer. This is
what is meant by Direct-Numeridally Controlled (DNC) machine
tools (see Figuré 2-2). In DNC, a single large central computer

controls many devices directly and concurrently.

’In}a DNC system the only conneé%ion séﬁgeen}the tools is
,Nélect;onic,‘still leaving the workpiece to be p\ sically moved.
'By linking the DNC system with a transfer system,fthe central
computer can be programmed to operate the tools in a specified
sequence. In this type og arrangement, the main problem of imple-
mentation is to provide the proper coordination between the |

machining elements in order to achieve reliable, high quality,

and cost effective production.

-

Computer-Numerically Controlled (CNC) machines are machining
tools where a dedicated computer is directly in control of the
device. For many applications,!this method relieves the proces-
sing burden found in centrally controlled computer bassd DNC

—~

systems. Input data is processed locally by the dedicated compu-

ter resulting in controlled actions by the NC machine (see Figure

2-2). -~

Today’s CNC machines are controlled by microcomputers. In
large job shops, several machines are often linked via asd#lni-
- -

computer,  and several minicomputers are -linked in turn via a

' large mainframe computer. Frograms for the manufacture of parts

b4 . e ——
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are stored in a central data base and are down-loaded to the
specific machine tools in thg network. Status information, pro-
duction volume and quality control data are collected from the
‘peripheral‘controllers {shop floor) and flow baék up the hierar-
chy to the main computer and data base. Coordination &nd control

. of all the CNC machines in the plant still represeats a major

problem.

CNC machines can be controlled by using feedback elements to
measure one Or mMore process variables such as simple positional
control. In this way a compensating action can be ‘taken to coun-

~ teract, for example, undesired changes in these variables. Thus
the méchining operation and precision could be optimized, and
could react to the environment, aspects that simple NC could not

accomplish.

CNC méchines can be veryvlarge, and can incorporate a cutting
heaa capable of independent motion around several axes at the
same time. The dedicated computer control enables the machine to
cut metal automatically to tolerances'of a ten-thousandth of an
inch using feedback senscors. The program 1s designed to prevent‘
the machine from cutting too deeply into the workpiece and so-
ruirning the part. In some cases, the computer signals £he machine
operator to change or sharpen the cutting toql when sensors
indicate that the torque required to make the cut is ocutside the

proper range of values,

2.2.2.2 Computer Algorithm Controlled Tools: Robot Manipulators

DNC and CNC arose from the marriage Pgtween the computer and
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numerical control techmology. Most applications of DﬁC and CNC
are in the area of machining. Robot manipulators evolved from NC
machine technolog?‘by following the path using DNC, CN&, and
é?edback_control. Robotics is the application of computers in the

area of product and tool manipulation, or object manipulation.

A robot manipulator is an enhand§d CNC machine having mate-
rial handling capabilities, i.e. pﬁg)ability to éxecute object
and tool manipulation operations &moveﬁent, trajectory, and tool
pperation). Even the most modern:robot manipulators are in reali-
ty only automated servo manipulators. They are, in simple terms,
nothing more than sophiSticated pincers that replace muscle
power, and allow aétions to be repeated reliably in predetermined
ways. By using sensory devices, feedback control systems are
incorporated into robot manipulators. A robot manipulator can be
used to do a variety of tasks from spot-welding and spray

painting, to finished product assembly.

A robot manipu;ator is an algorithm controlled ééther than

- [

strictly data driven programmable tool. Not only is the data used
by the robot.manipulator changeable, but the algorithm or c;ntrol
mechanism it uses to perform-tasks using this data is also al-
terable fproérammable). This reprégrammability characteristic is
what makes it more flexible, at the cost of a more complex con-

troller. To make effective use robot manipulators, it is neces-

sary for them to be easily reprogramméble.

Because a robot manipulator is flexible in that it can be

applied to a wide variety of manufacturing tasks, and because it

—_—

~
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is also a programmable device, it will_be the most pr§minent
rdevice used in the manufacturing ¢f finished assembled products’
in the near future. Its scope of application and flexibili£y
- allows it to be used economiéélly not only iﬁ.large production
runs, but also in smaller production runs under appropriate
circumstances. In fact, in the future it may becd the single -
most important factor to affect low-volume applica£ions. It'can'.
rerform mundane tasks such as loading material handliﬁg palettes
and machine tools, or, because of its flexibility, it can be a
better alternative to fixed tooling. This flexibility makes the
robot manipulator the first true machine with the potential to
perform generalized assembly tasks. ﬁobot mani;:lators will be
_discussed more fully in this light in a later chapter t& identif?
the kind of contrel and coordination needed to take advantage of
the technology. One advantage of robots is that their performance

never varies: robot manipulators may be slower than human workers

but they never tire and are often more reliable.

Robot Manipulator Classification

To establish the present state of robotics in manufactuéing,
and give an indication of the complexity of the task at hand when
using manipulators in manufacturing and assembly, the following
generic classification scheme of robots is presented. Generic
classification is mainly concerned with robot behavior and per-
formance. Some characteriﬁtics upon which this classiiicaction i=s

based are: load capacity, speed of movement, built-in sensors

(such as actuator sensors), working conditions, manipulative

~-—

D
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capability,\easé of programming, complexity and sophisticalion of

the controller, and reliability.

Requirements of present day robot man&pulator# vary immensely
but in general they must have the following traits: they must. be
fully programmable, not simply pick-and-place; and they must Be
able to perform many complex series of motor actions over a
variety of processes. The provision of sensory facilities and

the type of programming used defines in part the robot's genera-

;ion [SIMO8Q].

First Generation Robots

First generation robots are of the fixed sequence type-;hiéh
can repeat a sequence of operations tirelessly and reliably, once
having been "programmed” to do so. Programming of these machines

is usually done by “training” or "teaching" (also referred to as
guiding [LOZASS]), where an operator literall;ﬂI;;ds the device

by the hand from one ;%ep to the next. This is done for each new
Job. The robot "remembers” the sequence of moves and: repeats the-

task indefinitely, until a new task or new training is required.

The sequence of tasks may be recorded and stored for future use.

The main advantages of this class of robot-are:

1: guiding is a simple technlque to implement and use that dees
not need a general purpose compute*

2: +this typ\\bf robot is good for such tasks as spot—weldlng,
Hpay painting, and simple materials handling (parts
transfer).

The main drawbacks of this class of robot are:

1: obJjects being worked on must be in the right place at the
right time;
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2: no feedback is available; for example in a painting applica-

tion, a robot will happily continue painting thin air if the
object to paint is misplaced;

-

3: these robot are unable to pick up rahdomly positioned parts
from a moving conveyor belt, or to pick-out unoriented parts
from & bin; -

4: +these robot systems have a single ékecution §equence with
no looping capability, -no conditional operations, and no
computing capability.

[

First generation robots are mostly simple pick-and-placé
devices. They have some measure of programmability, can be memory
controlled, have several degrees of ﬁotion, agd ha?e several
attachments to operate tools such as paint-spray guns, welding
heads, etc. They are well suited toAhandle materials in various
parts transfer situations. More advanced first generation robots
are provided with simple sensory control, such - as stop switches

used in error detection, for enhq&ged capabilities.

The first generation of robots greatly resemble NC machines

in the way they are “set up” (the recording and playback of

‘stored sequences of numerical control codes that drive robot

'actuators). In advanced situations, where a minicomputer is used, '

the robot may be able €0 select from a variety of fixéd store
sequences, depending on the state and character of components
arriviﬁg at the workstation. In general, recognition can on e
done if the robot can discern and interpret variations in the

environment.
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The main characteristics that distinguish second generation
ﬁgbot manipulators ffam first generation robots are:

a) the pfovision of sensory facilities,

b) data processing facilities and,-

c) the use of robot-level programming languages.

The need for the rébot to react to environmental chﬁhges
requires the use of sensors and greater processing power. The
Processing requirements are dictated by the type of sensors used,
their ﬁumber, the actual physical structure of the robot (dimen-
sions, n&mﬁer of joigps,.etc), the manner in which the parts are
presented, and the speed and cgmplexity of the tasks to be done.
Although robots may have had some sensory capability beforé,
Vlargely primitive ones, in nefal, second generation robots use

more advanced sensors such as tactile, sonar, and-vision.

The main advantages of second generation robots are:

1: ability to react to the environment through the application
of sophisticated sensory systems; randomly positioned parts
on a moving conveyor belt or in a bin can be identified and
picked up; -

2: programmable; a controller can implement complex algorithms
used to perform advanced tasks such as agsembly;

3: ability to ahalyzé data through powerful local computational
facilities;

"4: failure handling can be done by detecting abnormal situa-
tions; ' :
By processing higher level mathematical representations,
object recognition can be performed. Different strategies such as

"edge finding"” and ‘region growing" are commonly used. Shape of
/o '

/

-
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outline, region shading, and the objects’ relationships to other
regions %n the scene aré found to perform pioperty determination.
Recognition of'an object can rely upon co?BPring the outline

approximation and the calculated parameters with those stored in
‘memory. When parts are recognized, their positiths can be deter-

mined and any necessary‘positional actions can be undertaken.-

Robot-level programming (also called explicit programming)
uses computer languages with commands to access sensors and to
specify robot moticns. Dapa from external sensors, such as vision
and fofce} are used to modify robot motions. Therefore with
sensors and appropriate Programming, robots‘can cope with greater
degrees of uncertainty in the position of objects, and so in-
crease their range of application. The main drawback of robét—
level programming requires prégrammers to be experts in computer
programming and in design of sensor based motion strategies
(real-time programmiﬁg). Therefore programming cannot be done by

-

factory workers [LOZA83].

Second~generation- robots can be.instructed to foliow a prede-
termined pattern, with'the attainment of a specified target
monitored through local sensory feedback. Coupled with greater
accufacy of the mechanical structure of the robot, much higher
repeatability can be ﬁchieved; The robots become "interactive"”,
by fitting in the gripper a miniature camera used t¢ gather scene
data for recognizinglan objgct's position. The gripper can then
be moved to pick-fgﬂéijects froﬁ a rotating'table. In this way

robots can have "hand-eye coordination”. Second generation robots
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are therefore moderately adaptable to a changing environment.

Other sensory systems of second generation robots incorporate .
sonar-based sensing such as in the “acoustic phase monitoring”
technique used to find the position of arbitrarily shaped ob-

-

jects.s
Some of the disadvantages of second generation robots are:

1: complex control algorithms may potentially have to be imple-
mented for every new application;

2: robot controllers are difficult to integrate with equally
complex sensory controllers unless they are “"made for each

'other" by the same manufacturer; : -

3: expert programmers are required to program these robots in-
creasing the set up costs;

4: robots and their support systems are expensive;

5: general purpose'end effectors aré difficult to design; often
new Btippers must be invented for new applications;

—

Next Generation Trends

-+

With the advent of powerful micro-processing -elements, 10f
calized processing will legd to more advanced capabilities for .
robqp manipulators. This computing requirement is fundamental fof
processing in real-time the data from feedback sensors. This
computing capability will allow a very high degree.of interaction
between robots -and their environment that will be part of the
ne#t generation. Already some of the features are beginning to
appear.

.

A robot of the next generation will use a number of proces-

sing elements to cope with‘fhe amount of data that will be re-

quired to be processed. Also, the complexity of the computations
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demands that data be kept locally at the robot to keep communica-
tion requirements low and to provide for real-time execution of
complex tasks. Tactile feedback gsed in performing'exacting taske
such as fastening, insertion and other assembly thsks$will play a
major rele in the next generation. Tactile feedback coupled with
vision and sonar require that high speed data prcce331ng be made
-available in order to fully automate assembly. Recognition by
visual means simply is not sufficient for the variety of tasks
robots wﬁll be doing. Complementing vigion with tactile and sound
feedback will provide to the controlle}(s) with the information )
needed to compensate for weight and shape differences in objects.

-

These objects may in turn require special manipulation for)assem-

bly.

A key problem to be resolved in robot control and application
in\?ssembly is that of .part identification. By preserving the
orientation ef the parts from station to station with an adequate
transfer system in a multi-station manufacturing system, robots
can compete economically with other machines. With the aid of a
sophisticated sensory system such as vision, it may be able to

recognize and pick a randomly oriented assembly part out of a

bin.

Other major developments are coming from the software aspect
of control. New specialized languages are being developed to
ease the programming task. The new-language approcaches may not be
the best long term solution because of the support they must

have. Therefore research is also being conducted in adapting
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modern high-level programming-ianguages such as C, Pascal or Ada
‘to the programming of robot systems. The programming environmejr
pro»iﬁéa with thése high level languageg as-well as their support
will be major conside#gg;gn;“};r their use, as for any software
language. Task-level programming couid alsc be developed such
that programming can be ﬁade to be completely robot independent

[LOZA83). Furthermore, artificial intelligence techniques are

being investigated ¥or industrial robot control.

Ko
sﬁé.2.3 Transfer Systems

The word "automation” itself first aépeared in the 18390’'s,
and was used to refer to "the automatic transfer of parts and
materials from one production operation to the next."” Teoday,
"automation” 1s not reserved strictly to automatic transfer. In

thié section, devices used in transferring parts are discussed.
2.2.3.1 Methods gf Transfer

There are three major methods of transfer now found in manu-

F

facturing systems:

1: continuous ?5;nsfer where objects move continucusly at con-
stant‘speed; it is the =simplest and old%;;’form of ¥ransfer
system; ;

" 2: intermittent (synchronous) transfer where objects move dis-
continuously {(that is all the objects move at the same time)
usually between work stations; this form of transfer first
impacted the automobile industry;

3: non-synchronous transfer (power-and—free? is a modern methoed
of transfer where each workpart moves to the nex:t station
independently when processing at the current station has been
completed (when it is ready to move); plants that use non-
synchronous transfer systems have the characteristic that
some parts may be moving while others are being processed;
this type of transfer offers greater flexibility than the
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other types but usually operate at cycle rates slower than
the other types of transfer.

0

a——

Transfer systems have mény forms depending upon the objects
they transfer. In the chemical industry, they consist of piping,
control valves and the like and are on the continuous type. In
product manufacturing, moét of the existing transfer systems are
~of the intermittent type. There are several kinds of intermittent
transfer systems: linear transfef systems such as the walking
beam transfer bar system, the p q;ed roller conveyor system, and
the chain-drive conveyor systé;; rotary transfer systems such as
the rack and pinion mechanism, the ratchet and pawl mechanism
used in igdexing machines, the Geneva mechanism used to convert
linéar motion into a rotational motion, and cam mechanisms used
to provide accurate dial indexing [GROO88]. Also, it should be
noted that in many cases, robot manipulators are used in the the

transfer system.

2.2.3.2 Transfer System Enhancements

"

In the field of manufacturing enhancements to the transfers
systems, were made to ease the control and the flow of.objects in
the plant from one station to another. These enhancements involve

the use of pallets, fixtures and buffer storage.

Some transfer systems accommodate pallet fixtures to which
parts are attached and the pallets are transferred between?’work
stations. Pallets are designed to be conveniently moved, located,

and clamped into position at successive work stations. When the

pallet is correctly positioned, the parts are accurately located
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Work carriers

Flgure 2-3. Walking Beam Transfer System.
{Taken from [GROOBE])
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in the fixture for the ocperation. Pallets can be designed to be
used for a—variety of similar parts. The disadvantage of pallpts'
is that they must also be built and this is costly. To avoid this
cost, the workpaft itself is often designed to alsc Pe the fix-

ture for operation from workstation to workstation.

Automatic storage and retri;val systems transfer pallets of
material into or out of storage racgs up to 109 feet high. Smal-
ler systems c#lled mini-loaders hold drawe{s of small parts.hln_
both cases a part can be selected by number or by'iocation, and
an automatic warehouse in which the shuttle takes the place 5f
the fork-lift truck and ité human operagbr. Similarly, automatic
guided-vehicle systems replace conveyors and hand trucks for
transpérting materials to and from the warehouse and throhg@out

the factory. The driverless shuttle cars can be guided by signals

sent through a wire embedded in the floor.

Another aspect of transfer systems that 1s used #o advantage
is the buffer storage capacity. Storage zones are used to collect
workparts along the mafdfacturing line to permit matiqg different
intermitted transfer's?stems, or mating non-synchronous transfer
systems with work stations in the line. They allow the connection
of one flow line with several others to reduce the effect of
individual workstation breakdowns in the production line. The
buffer storage capacity also heips in smoothing out the effect of
variations in cycle times that may .occur between work stations or
between work statiomns and maﬁual stations. Some of the disadvan-

tages'of buffer storage are increased factory floor space, higher

in-process inventory, more materials handling equipment and grea-

p—
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. ter complexity of the overall flow line system.

.To correctly use advanged transfer systems, appropriate con-
trol mechanisms must be provided. This often requires some ele-
'ﬁéntary feedback sensors and controller to detect proper sequen-
¢ing and hazards, and even to monitor gquality of the workparts.

In automated assembly systems where a.ﬁumber of robot manipu-
lators are used, a method of efficiently transferring parts,
components and parfially finished products_is required. This is
normally done using an automated flow line. It consists of seve-
ral work stations linked together by work handling devices that
transfer parts between stations. Product transfer systems can be
viewed as part feeders but at a higher level and are mostly
general purpose conveyor systems. In ﬁany situations, product
transfer systems may ﬁ;t require very complex resources because
each workstation can place its ocutput in a known or desired
position. Thus transfer is done without losing orientation and so

reduces extra processing tﬁat would be necessary to determine

positioning information.

Transfer systeps are optimized to reduce la@our costs, to
increase production rates, and to reduces the work in progress
with the associated reductions in inventory. Optimization is dene
by minimizing distances between work stations, by minimizing the
number of movements made in the workstation, by allowing for
specialization of productionfoperations ip some cases and by

integrating production operations in others. In many instances,

robot manipulators form an integral part of the transfer system.
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2.2.3.3 Control of Transfer Systems

“There are two typres of control mechanism found in transfer

systems: passively and actively controlled‘transfer asystems.

Passively controlled transfer systems operate in completely
deterministic environments where-all information on the parts is
kﬁown or is assumed known. Information such as position, orienta-~"
tion (using "choceolate-box"” approaches) and condition of the part
is are contained implicitly in the workstation or are assumed to.=
be correct. In these transfer systems, no processing is done to
react to changes since changes aré not allowed. Transfers are
done in a blind way. Examples of this class of transfer system
are conveyor belts and chain systems where simple pick-and-élace
operations are done. These systems are not usually found in this

elementary form in automated assembly environments.

In actively controlled transfer systems an active role is
taken in the movement of objects. Actibﬁs are staken based on
environmental changes detected by a sensory system. Production
systems that use active transfer systems often have bins where
information on part position and orientation is lost. The
transfer system can be designed to determine pa;t position and
orientation while transferring the part ffom one workstatiogfto
another. The transfer system can be designed to perform other
tasks such as parts inspection while the part is in transit.
Based on the information collected, the ﬁérts could be rerouted.

These systems aid in off-locading the processing that would be

!
7
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done by work stations or a master control center in order to

redpce system complexity and improve system performance and pro-

ductivity. . \\\\

\

: }
2.2.4 History of Automated Manufacturing Summarx'_\’”__ﬁ_/

The main driving forces in automatéd manufacturing have ‘main- -
ly been through increasing tocl automation and improving product

transfer in the manufacturing system. ) _——

Complete tool automation is achieved through computer pro-
grammability..Thé>§roduction program is entered into the control-
ler part (often % mini- or micro-computer) of programmable tools
at the start of’tﬁp operation. The same part program is repeated
to produce many copies of the part being machined. With program-
mability, manufacturing flexibility is achieved whereby new and
different products can be made without resorting to a new tool,
but by simply changing the program or set of algorithms control-
ling the tool. In an automated factory, the flexibility of the

tools is essential in accommodating product changes [GRO082].

P

Programmable tocls used in an automated factory do not

always operate in an open-loop control fashion, but are often

augmented with feedback ?ensors permittiné them to operate in a
closed-loop fashion. Thié’augmentation permits automated tocls to
perform properly in the face of disturbances. By providing sen-
sors and decision capability to the controllers of automated

programmable tools, complex control and sequencing strategies can

" be used to react to sensory information, and to ensure correct --

.
execution of the jobs. This allows the tools to operate largely
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unattended. In a factory with several programmable tools with
sensors, there mugt exist a control and coordination system
between the tools to achieve continuous reliable operation or

production.

As tools becéme more complex, more complex controllers are
Aneeded to control them. This task can only bq performed by using
;;$§uters. As these tools progress from a collection of simple
machines, to networks of complex machines, gﬁ?rdinqtion between

various machines in a production system also requires the intel-

ligent use of computeérs.

Transfer s}stems form a key function in a manufacturing
system. They permit the orderly movement‘of parts, components, -
and subassemblies.in the plant. The ability of the transfer
system to move objects throughout the plant directly impacts the

throughput of the manufacturing system.

With advances in mechanics, in computer control, in data
communications, in ‘computing techneclogy (hardware and software
requireg for controiling more advanced uses of robot manipulators
such as those found in the assembly of finished products), full-
gutomation of the manufacturing plant is now within the grasp of
industry. The-most pressing requirement is the determination of a

strategy that best integrates these technologiles.

P
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2.3 Computers In-Manufacturing: Computer Integrated Manufacturi

In 1977, the following definition Computer Aided Manufactu-
ring was proposed by CAM-I (International), as: .-
Computer~Aided-Manufacturing is the effective utiliza-
tion of computer technology in the management, control,

"and operations of the manufacturing facility through
either direct or indirect computer interface with the
physical and human resources of the company.

By direct, it is meant that the computer is used either to
monitor or to control the manufacturing operations. By indirect,
it is meant that the computer is used in support of the manufac-
turing activities in the plant, but there is no direct connection
between the computer and the production process (productioh and

inventory control, order scheduling, development of work ' stan-

dards, etc.). \

Clearly, in the years since this definition was put forward,
a vg;itable reveolution in information technology has occured
drivén by both hardware cost/performance improvements in compu-
ting hardware and software technology. Computer teéhnology has
evolved to the point where its use is not only concerned with
aiding and managing the manufacturing process, but is also con-
cerned with the conception of the product itself right through

design, to full automation of the manufacturing plant.

From [DWOR85] and [MERC85], Computer Integrated Manufacturing
(CIM) is defined as:

a closed-loop feedback system that uses product concepts

" and requirements (needs and creativity) as input and
produces finished goods (fully assembled, inspected and
ready for use) as output.
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CIM cove£$ many aspects ¢of the manufacturing process inclu-
ding Planning,'Coméﬁter AidedlEnginébring (CAE), Computer Alded
Design and Manufactgring (CAD/CAM), Computer Aided Testing and
Inspection (CAT/CAl), Robotics, Flexible Mgnufacturink Systems
fFMS’s), Flexible Assembly Systems (FAS’'s), and other elements
such' as a common data base and non-geomeiric product information.
To ach;gvg full CIM, a consistent combination must be made of the
software and hardware making up these elements whose aspects
include product desigﬁ (for production), production planning
(programming), production control (feedback, supervisory and
adaptive optimization), production equipﬁent (including machine
tools and robots) and preduction processes (removal, forﬁing,
assembly). The trend‘and impact in automated manufacturing can

best be identified by examining the main aspects of CIM.

4

Computer Integrated Manufacturing is achieved by linking
three main aspects of manufacturing: planning, procduct design,
and manufacturing. All three aspects depend on their proper
linking to allow the flow oflinformation to be managed throughout
the factory [NEVIBZ2]. To integrate planning, product design ahd
manufacture, very different types of information, data communica-

tion and processing must be accommodated.

e

2.3.2 Planning

When a product is to be manufactured, two types of planning
are identified. The first is economic planning which involves
making decisions to determine the economic feasibility and

soundness of the product to manufacture. The second type of
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planning is manufacturing resource planning.

-
-

Economic planning coﬁsists of market forecasting and produc;
tion costing (often referfed as the preplanning phase). In maxket
forecasting, computers are used to process data from marketing
surveys to determine product demand, market sizes, and othér
information upon whichffo make marketing decisions with respect
to the viability of the proaﬁct {marketing research phase).
Costing is the economic process that deté;;inés the cost of raw
materials and parts needed for proddction. Coéting includes thé
cost of performing the ﬁroduction tasks (by machines and people:
Jjob costing aspect), and the cost of stofage before, during and
after the production cycle. Costing gives an estimate of xthe
production cost of a new product. These data arefProcessed by
computers to he planners verify the market and manufacturing
feasibility of the product, giveﬁ the present and'projected
demands; inventory sizes and component availability. For proper
market analysis and forecasting, planners must have access to
large data bases of production data and accuréée models to help
analyze the data. The analysis determines what should be pro-
duced, and if it can be produced economically (go-no go deci-
sion). Computers are therefore used in a supporting role in the
operations of the plant and are usually not linked directly to
the manufacturing process. Computers are used mostly in an "off-

Iine” manner to provide data and information for the effective

management of production activities.

Manufacturing Rescurce Planning (MRP) is the management and

control of available resocurces such as labour, machines, and

/
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materials, according to changing demands. The main purpose of

manufacturing resource planning

is_tQ maximize profits and pro- \\

" ductivity. Often; production system

are very complex making it/r\,
A

impractical to obtain an optimal solution to resource planning.
number of subgptimal techniques are!\found instead that give
acceptable résults in terms of produc y and profits. Rela-
tively simple methods of planning and control can cut down im-
mensely on long waiting times and can eliminate most of the costs

Z
associated with i%ventory.

Material requirements planning is done to obtain the precise
determination of the raw materials needed at different stages of
- production. Material requirements planning is a set of logiéélly
related procedures, decision rules and records. They are designed
to translate-a "master production schedule” into timerphased net
requirements and ﬁhe planned coverage of these requirements for
each component inventory item needed to implement the-schedule.

In this aspect alohe, large amounts of dg%a demand the heavy use

of computers.

. MRP is the precise determination of the manufacturing line
caracity, of production tools requirements, and the human and
computing resources needed to carry out the design and manufac-

turing steps. Manufacturing resource planning is used in pre-

dicting the demand for each element in the manufacturing process -

e

" at a given time. The scheduling of labour, materials, machine
time and other resource elements that go into the manufacture of

the product can be estimated by extrapolating backward from the

Y
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delivery date for the assembled produciT'If the scheduling is
done accuraﬁely, there is no need to maintain parts inventory
because of the uncertainties in the demand for parts; instead

each part can be manufactured just before it is needed.

To have successful manufacturing resource planning, accurate
information is required on the parts needed for each stage in the

dssembly of a product, on the time needed to manufacture each

A .
“—

part (work time, setup time, transit time, waiting time}, oﬁhthe
lead time needed for purchasing parts from suppliers and on the
plant’s own inventory. This scheme works quite well in job shops
where many parts are manufactured in varying gquantities. This
type of resource planning sy$tem depends on detailed, centr&lized
planning of all subassemblies, components and raw materials and

on efficient feedback from every station.

Resource and material planning help in establishing the job

manufacturing cost.

2.3.2 Product Design: Computer-Aided Engineering
\ 1

Another aspect of- CIM that is undertaken is the design and- -
development of the product #tself. Using appropriate tools, the
design of the product can be carried out. The use of computers
for this aspect of manufacturing is commonly referred to as
Computer-Aided Engineering (CAE). CAE includes Computer-Aided
Design (CAD), and Computer-Aided Manufacturing {CAM) and Compu-

e

ter-Aided Testing and Inspection (CAT/CAI).
' ¥
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2,3.2.;‘§gmgute;-ﬂiggd Desian:
L

Computer-Aided Design (CAD) systems allow the designer to
describe,.manipulate._and simulate parts and products to be
manufactured. The typs of processing involved in CAD is in gene-
ral engineering computing for design and analysis functions. C&D
systems permit the rapid prototyping. of designs.'Advpnced CAD
systems‘can even eliminate the need to make real hardware proto-
types. With the aid of such design tools, the designer can per-

.

form an engineering design analysis quickly for several alterna-

tive design solutions. Modern CAD systems are highly interactive

man-machine systems that aid in increasing user productivity and

efficiency.'The designer can even check for the proper design of

parts that will be mated or assembled during simulation by moving
the part images orn a screen. Accurate specification and verifica-
tiop through simulation helps tg\fualify the final product for

real production.

There is a large amount of design and production information
. generated in-CAD. To achieve CIM, information, such-as images and
product datg, are stored in a-data-base. Design information
becomes highly accessible to other manufacturing aspects and can
be easily modified several times without large amounts of effort
and time. The information stored allows the planning and sched-

uling of manufacturing functions to be started earlier.

One approach to data-base for CAD information storage is
group technology. Group technology is a storage and retrieval

system that permits those parts that are similar in design and
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use the same set of manufacturing steps. Parts of similar design
and manufacturing can bé-designed and processed in the same way B
an'existing part has been designed. The same production procedure
can be used in the manufacturing of a family of products by
simply providing the data set defining the specific product

attributes to the process machines.

‘Group technology allows the use of a data-base system used in
the planning stage of manufacturing from which part information
can be extracted and sorted according to varioPs part character-
istics. Part information can be retrieved according to charac-
teristics such as size, shape, volume, weight, and materials
used, and for manufacturing-process characteristics such as ma-
chinery setup time, machining sequence, and the usual lot sizes.
By indicating the differences to the an existing manufacturing
process of a part, the new part manufacturing process can be
specified (variq?t proceésing). Group technology results i£ large
labour savings sigce knowledge of similar parts can be reused in
the manufacturing of the new part. Grouping production machines
in stations ‘or cells together aécording to0 the parts they make,

allows higher production rates and efficient use of machinery.

In machining, CAD systems help generate the NC programs for
parts manufacturing. This task is known as computer-assisted NC
part programming, where computers are used in the design and
specification of the éarts to be manufactured, and involves
sophisticated methods and techniques using computers to ease the
task. Computer-assisted part programming is often performed by

ﬁsing an interactive parts des%‘p capture system also based on
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computers (using a special part érogramming language or graphics
editors). A scheme based upon such a system is often used to hélp
the parts designers to éontrol the design process and to save
time. A part programming language is-used by a part programmér to
describe the necessary cutting motions in an Ehglish-like nota-
tion which is then "compile&“ (translated) into a standardized
“cutter location file"” (CLFILE). This CLFILE is then processed by
special "post-procgssors"‘for each machine into explicit instruc-

tions for that machine, usually on punched tape.

Although these systems are described as CAD systems, they are .
really application specific automation tools. The main thrusts of
these s&stems are io provide assistance for design needs to users
by applying the strengths and capabilities of automation (com-
puters). Such systems permit the integration of specialized in-
formation fox the application through data-base se:vices'and
processing. With such integration, the user can make intelligent'
and informed decisions with fespéct to the application. Some. of
these systems are also designed to aid in project management to
accurately track a project’s progress, minimize design time,
reduce the amount of information that must be processed or deci-
phered by the user during design, and accurately document the
work with reduced effort. These systems are presently being
created for Computer Integrated Manufacturing. Using sophisti-
cated CAD tools, remarkable improvements of productivity are

obtained.
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2.3.2.2 Computer-Aided Manufacturing

A major function of CAM is the matching of the production

“process to the available resources. In this aspect of product .
design. a careful study of the tasks must be done in order to
determine the partitioning of these tasks, and the ;outing scheme
(sheets) or the flow of the product through the production line.
Algo, other aspects are studied such as the development éf work
standards, a time study of the di;ect labour involved in a pro-

duction system without complete automated production.

Computers are used in the actual implementation of the
process steps using data on the available-resources and the
allocation of work on the production line. Computers are ﬁged to
manipulate data on tool évailability, mate;ials regquirements,
flow of parts being manufactured, work-in-progress inventory, and

: -
finished goods inventory, among others. This is known as line

balancing. Line balancing invééves the minimization of unit cost
of operation or maximization of the producti;n rate by deter-
mining what can be done by automatéa machinerf?hand what kings
and amount of data is required for these.devices. The technigue
used to help in manufacturing scheduling is tbat of group tech-
nology, where different parts with similar geometric features and

manufacturing characteristics are classified and are scheduled

based on this categorization.

Using group technology, families of parts can be selected Zor
machihing. Workpieces move on pallets automatically from tool to

tool for machining in the proper sequence. High efficiency can be
: ~ ;
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achieved in such systems by kéeping the tools working as.much as
rossible. In'an automated system a méchine_pould*be kept cutting
52 to 9@ percent éf its time while in coméﬁter-numerical con-
trolled systems, cufting time may be as LQW as 190 to'aﬂ percent

of the total shift time [GUNNS2].

Another main function of CAM is to achieve active control 6f
processes and timely dissemination of préduction data that nar-
rows the response time required for the entire manufacturing
operatioﬂ to make decisions and cure production problems. This
active involvement of the computer in the manufacturing process

r

and the control of production is the basis for CAM.

2.3.2.3 Computer-Aided Testing and Insgectioﬂ

With a set of sensors and testing eéuipment; automated
testing and inspection can be dene to avoid rﬁining an entirez
batch of parts becaﬁse of mechanical failure or'progrémminé-'
error. The information from sensors cah-bq used to accept or
reject individual partsf T@is;gnformation can be kept for later
statistical analysis in a statistical data base'u;e'to verify
, quality of production. With even more iﬁ%egiétiéﬁ, thig data can

be analyzed immediafely and result in control adjustments during

'prodﬁction.

In CAE,.éomputers are used extensively to generate product
specifications. The specifications can be captured using various
design capture énd simulation schemes and tgols. These allow for
the.formal desecription o£ parts using high level part description

languages and verified through simulation. The amount of data
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generated can be enormous. In many cases, the data generated are
translated into control commands and are used directly in produc-
tion. In.order to take advantage of compg}ipg technology in

manufacturing, a CIM system must integrate all areas of CAE.

2.3:3 Modern Automated Manufacturing Areas

~

The only true on-line Qse of computers in modern automated
manufacturing is in the production phase where raw materials and
parts are transformed into finished products. Computers are used
both tb.directly control specific machines, and %o coordinate the
machines in the produétion line. Even though these are very
distinet activities, in most existigg s&stems, these activities

are lumped together into a single overall control activity.

The overail control function can be implem%nfed eitherson a
single centFalized computer, or distributed among several com-
puters. The control .achieved may be preplanned, whe;e compuﬁers
control a process through a predetermined series ¢f steps like in
direct numerical contrcl (DNC), or adaptive, where computers
monitor the performange of the“process and QPntinually redeter-

mine how optimum performance can ij/;ph&eved in\%he face of

disturbances.

-

In modern automated manufacturing, twe manufacturing types
are identified: aggregate product and structural product manufac-

turing.
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2.3.3.1 Aggregate Product Manufacturing

-

Process control, alsoc known as hard automation, refers to
the manufacturing of continuous or gggregéte productsl It can bé
further subdivided_into éontinuous product processing and moni-
toring and ;egulation control. Most process control systems_;ust
operate in real-time, within well defined limits. Considering the
speed of operation of present day computer hardware and the
précess control times-that must be met, the speed of response is
not too demanding. Many of thgse systems require uninterruptéd

' 6pé£ggzon, ocften aemanding the implementation of complex failure

tolerance (in hardware and software) strategies!
i) Continuous Product Procéésing

Continucus product processing generally refers to the reiine-
ment of a product or the controlled generation of raw materials.
In continuous processing ?here are a relatively‘limited number of
product choices. Good examples of this type of process CAntrol
applications‘can be found in many_industries such as the petro-
chemical, puip and paper and other chemical industries.'In such
insféllations, the coarse refinement of many products is carried
out: oil, chemicals such éé soaps, detergenfs, plastics, sol-
vents, and papers of different grades and quality. In general,
the required manufacturing plants are elaborate and costly pro-
ducing only a previously defined class of products. Also, in such
systems, there is not a great variety of products that can be
manuszzhred.econohically, even in large batches. The control in

such systems is quite well defined and their event sequence i;
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well known, with very little, if any, changes in both. This
automation method is often referred to as hard or coarse automa-

tion. >

1i) Monitoring and Regulation Processing

’

Under monitoring and regulation processing, both the regula-
tion of product flow and the distribution of the product is |
cohsidered. Regulation of product flow involves the monitoring
and maintenance of the flow at theé reguired le#els. Examples of
such systems range from electric power plants, to various traffic

‘control, systems:

In distribution systems, control is required for the proper
"allocation of the product or resources in response to varying
demandf Examples of distribution systems are electric power dis-
tribution (on the power grid), oil pipeline control, and dif-
ferent routing systems. More recent examples are the automated

materials handling systems.

In botﬁjﬁonitoring and regulation, computers are needed to
continuously collect manufacturing and performance data from
4 .
underlying system, and make well defined decisions based on a

predetermined strategy.

2.3.3.2 Structural Product Manufacturing
;!

Structural product manufactg?ing refers to the generation of

finished discrete and finishgérassembied products.

~
\.
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i) Discrete Parts Manufacturing: . 7

Discrete parts manufacturing is similar to process control,
can be separated into two broad kinds of discrete parts manufac-

turing: large and small production runs.

In modern large production run systems, many aspects of
manufacturing must be considered. For the ﬁost rart, they include
the manufacture of goods, starting from the raw materials to the
final product to be used or éolg. Since the_la%ge numbers justify
the investment, the manufacturing system can be ag complex as
needed. Discrete parts made are often used tb build other pro-
ducts manufactured in large quantities that may require gssembly.
An example of this type of manufacturing can be found in screw
manufacturing. Even thouéh the manufacturinéiprocess can be Very
complex and quite flexible to allow for different types, there is
‘no assembiy. That is the products of such manufacturing systems
are not composite objects. These screws are then used in the
manufacture of other products such as automobileé involving dif-
feren; and more _compiex devices and setup. The combination of
both manufacturing of smaller atomic parts and successive manu-
facturing of a large number of finished products is alsc known as
Detroit type manufacturing because of its roots in automobile

mass production.

The main characteristic of such systems is the number dis-
crete products being manufactured. Large production runs usually
have more than 300,000 issues [NEVI78] of the same product

[GRCOB@]. The actual figures depend mainly on the demand of the
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product and the cost of producing them. For instan?§f~a particu-
lar consumer product may only be produced by a specific special #
"purpose set~up if the number of products- exceeds a predetermined

threshold, dictated by the economies of scale in its manufacture.

In small production runs, a much smaller number of products
are made, usually less than fifty issues [NEVI78]. The products
are usually simple to manufacture, such as special screws, using
similar autpmated machining devices used in large productien
runs. The production cost per part manufactured is greater since
the same amount (or more) of set up and c&ntrol must bhe developed
for a small number of parts manufgctured, compared to large

production runs.
ii) Automated Assembly of Products

The task thét sets this autcomation manufacturing type apart
from the other type is assembly. Automated assembly_involves the'
use of discrete-parts, composife objects, subassemblies con;
sisting of assembled parts, and highl} advanced automated devices

in the manufacturing of finished products. Automated assembly

types are also distinguished by their production run sizes.

AN

In large production runs, literally hundreds of automated
devices are used in an assembly plant to manufacture a large
number of the same product. There is usually very little varia-
tion in the product being made, and very little variations in the
actual control of all the devices. The tasks have been split into
very simple jobs to a point that they are done very quickly using

very advanced machinery and with very high reliability and quali-
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ty of product. Different models of a particular product can be
made since the product’s underlying‘structure is usually the same

e

for a variety of finished products. Often, the variety is simply’
'] -

cosmetic. Examples of such automation is found in some aspects of

automobile assembly. A . -

In small .production runs, the goal is the economic asseﬁbly
of a relatively small number of_fini§hed products, or to produce
many different models of ;)basic product in smali numbers, all.
at the lowest possible cost. The different product models are
assembled by automated devices that can be dynamically reconfi-
gured to do many complex tasks (such as part insertion and fas-

'ﬁxgsnning).'To aCcomplEﬁh this, the manufacturing plant must be
vefy flexible, and be easily and:economically reconfigured or
"retooled” to produce the produc£ as economically and as quickly

as possible.

2.3.3.3 Modern Automated Manufacturing Summafz

Modern automated manufacturing izmveolves the manufacturing of

aggregate and structural products. -

Aggregate product manufacturing is concerned with cont}nuous_
production of refined or generated materials and monitoring.
Flexibility in the manufacturing systems for aggregate product
manufacturing and monitoring is very limited, although a wide

range of products cah be refined or generated using the same

process mechanism.

Structural preoduct manufacturing @s concerned with the manu-
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facturing of discrete_and assembled products, goth with large and
small production runs. Discrete product manufacturing involves
gnly the production of géparate units from "raw" @atefials,
usually use more fixed automation technigues’, witﬁ little or no
variety in products being manufactured. Discfete part manufac-
turing does not involve any assembly task. Flexibility in the
manufacturing system isﬁparamount for assembled product hanufac-
turing especially in small production runs since it must be
easily and quickly reconfigufed to produce potentially completely
different products.myargé production runs can also benefit from
any fle;ibil}ty even if®it is only to reduce the reconfiguration

time.
2.4 Concluding Remarks

In this chapter, it was shown that in the eveolution of manu-‘
facturing there is a natural progression from hand tools to
pPowered tools, to automated and programmable tools. As tools I
become more complex, more complex controllers are needed to

o)

-control them. This task can only be performed by using computers.

In modern automated manufacturing the human worker is being
replaced at various levels in the production system, by first
replacing the toolJoperato;s, and theﬁ tocl supervisors and
finally, production management. Automation is used to obtain mor;
efficient and higher gquality production (increased productivity,
qﬁaiity. flexibility, etc.). As tools become more automated, they

become less dependent upon a worker’s control, and more under the

contrecl of production planners.

-
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In thé m;aern manufacturihg sy;tems, the robot manipulator*
augmented with advanced sensory systems and high level programma-
bility is becoming the most prominent de#ige in the mﬁnufacthring
of finishe& assembled products in the near future. To identify

the kind of control and coordination needed to take advantage‘of

this technology, robot manipulators will be analyzed in greater
detail in a later chapter.

T,

Programmability and fEEQ§ack allow the tools to operate
largely unattenéed. In a factory with several programmable tools
with sensors, such as robot manipulators, there must exist a
manufacturing control and coordination system linking the tools

to achieve continuous reliable operation or production.

With advances in mechanics, robotics, sensor systems, com-
puter control, computing technology (both hardware and software
required for contrelling more advanced uses of robot manipulators
such as those found in the assembly of finished products), and
data communications, full automati5£ in manufacturing is now
within the gfasp of industry. To achieve full automation in.
manufacturing several areas of design and manufacturing must be
well integrated. The most pressing regquirement is the determina-
tion of a strategy that best integrates these technologies re-

sulting in a Computer Integrated Manufacturing (CIM) system.

To realize full integration, demands in advanced data proces-
sing must be met before benefits of linking them can become
significant. CIM relies in the need for a carefully designed

hierarchy of information flow from the planning and design levels
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down to the low level control primitives of the manufacturing
elements. This information flow must allow quick and easy recon-

figuration or retooling of the manufacturing systeh under .
changing production conditions and product chénges. The factory
floor realization of the manufacturing level of CIM is the Flexi-

+ble Manufacturing System (FMS). -

The only way to have full automated manufacturing flexibility
is to design a more efficient automated facility with the proper-
ties of easy reprogrammability and adaptability through reconfi-
guration in hardware, and in software. For this kind of manufac-
turing, many advanced automated production devices must be
linked. As tools ‘progress from simpie machines to complex prq-'
grammable méchines, coordination between various mgchines becomes

a dominant requirement in a manufacturing system.

To link automation devices requires that proper control and
coordination be achieved between the devices operating on the
product..Proper control is needed in the sense of partitioning
manufacturing tasks among a limited number of devices, taking
into account the individual flexibility of these devices. Coordi-
nation is necessary in the cases where a pipe-lining of tasks is
done in multi~workstationfbased FMS’s. In the case of cooperating
machines ex??uting a single complex task, even more coupled
control and coordination is needed. In small production runs,
especially in assembly, tasks require an automated setup to make

them economical.

A manufacturing system for small production runs must be very
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flexible, be able to undertake a very wide range of manufacturing
and assembly t;sks for a large number of different products, and
at the same time, mus{ be easily recon{igured for such tasks.-
_ This means that such manufacturing systems must consist of highly
7flexible elements. Meaningful schémes and tocls must be provided
to make FMS’s for CIM a.reality{ |
M -

)
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Chaéter'ﬁ
Fle;ibie Manufactu;ing Systems ‘

3.1 Intrdduction

Manufacturiﬁg-liﬁes are in general the result of a production
method based on modularity where a éroduct is manufactured from a
set of interchangeable components. The materials and components
are fabricated in batches and ére fed in the proper order to¢ the
appropriate work stations for the manufacturing of the product.
The manufacturing process is éystematically subdivided into a set
of gistinct acfivities in order to pipeline production. Large
producticon runs justify the usé of specialized machinery in the
automated line. The use of specialized machinery resulﬁs in large
investment costs and in very rigid or inflexible manufacturing
lines. In practice, pr;ductiCn iines have additional reguirements
to allow for‘minor produét customization. Customization is re-
alized either by the matching of components or by increasing th?/
. complexity and flexibility of the production machines. When a new
product is to be manufactured, large costs are incurred because

complete retooling of the line may be necessary.

Increased world competition, labouf costs, the need for re-
liable products, reliable production, and the availability of
advanced automation technology, a}e factors that have forced
manufacturers to redesign their plants based on-flexible manufac-

turlng systems.
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In general, for small production run manufacturers, flexible
automation is the only way to survive. Planﬁs with small pro-
duction runs must be able to produce a variety of similar pro-
ducts (e.g. different electric motors, similar cohsumer applian-
ces, etc.). Continuous investment in new special éurpose machines

is not feasible in small production run systems.

The main featuYe of Flexible Manufacfuring Systems LFMS'S) is
that they are easily reconfigurable to manufacture different
products, both physically and logically. This easy reconfigurabi-
lity allows FMS’s to manufaciture new products in a cost effective
way with low set up cost. To allow for this adaptability without
excessive cost, a complex manufacturing process must be.parti-
tioned ihto manufacturing activities and assigned to a set of
general purpose reprogrammable manufacturing machines or fle-
ments. In the case of major product changes, a timely, cost
effective, and complete reorganization of the manufacturing line
must be possible and should not regquire new specialized manufac-

turing machines.

In this chapter, design, computer control and coordination
requirements of integrated FMS's are presented. The general FMS
elements and their characteristics afe first discussed. Computer
organization approaches to computer control and coordination of
elements in FMS's are then presented. Based on previous work
[PICH83], a generalizéd control scheme encompassing the different
control approaches presented is then proposed. This scheme can be
considered as a general methodology and notation for deséribing

or specifying computer control organizations.
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3.2 Flexible Manufacturing Systems

.Ideally, the elements in a manufacturing system should bek

flexible enough to\undertake an extremely wide variety of activi-

ties including assembly. It must be governed by a control mecha-

nism that permits -vastly dif£g;sﬁg‘ﬁhnufacturing activities to be

executed‘whiie still being easily reprogrammed.

3.2.1 FMS Characteristics

Specifically, a Flexible Manufacturing System must have the

F

? following characteristics: i

™~

1:

The manufécturing process must be partitionable:

a)

b)

-

it must be functiconally and physically divisible into
independent activities for the different production

. .

steps;

the activities must be subdivided into a set of primi-

tives directly executed by adaptable machines for dif-

ferent products;

The-FMS must:

a)

b)

be implemented from a number of flexible elements called .
Flexible Manufacturing Cells (FMC) interconnected by a
flexible and efficient Automated Transfer System (ATS); .

be coordinated to provide:

4

i) proper sequencing of FMC activities to perform the

needed manufacturing process on the given product;

ii) -proﬁer flow of the product and components between

the‘différent FMC’s;
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iii) continued operation despife local failures or minor
modifications in the system;

3: To effectively use flexibility, the FMS organization must
allow for customization of products being manufactﬁred; the
FMS organizatibn must permit:

‘ a) the'partitioning of the affected manufacturing process
ints separate activities encémpassing the new activi-
ties;

i) +to pro#ide a straigh; forward means of specifying
the -new coordination between FMC's in the FMS;

ii) to.coordinate the old and né% activities done by
FMC’s on fhe objects, with the movement of objects
using the ATS; |

" 1i) to identify potential faildre§ and defihe a contin-
gency plan allowing continued operation of thre
line;

»

"b) the reorganization and reprogramming of the FMC's to

execute the new or modified activities;
4: Ideally, the effort in reconfiguring the FMS completely for

different classeﬁ of products must be low; this c¢an be is

done gutomatidally provided that réconfiguration:_

a) is part-of the new product design process,

3

b) is also part of the manufacturing system up design

pProcess;

e
e a—

A Flexible Manufacturing System (FMS) is therefore a flexi-

o

ble, integré%ed and reconfigurable automated computer controlled

manufacturing system consisting of coordinated Flexible Manufac-

[
V]
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turing Cells tEMC's)Vlinked by an Au@omated Transfer System (ATS)

which work together to produce finished products from raw mate-
) ] .
rials, parts, and components. A FMC is an element of the FMS

composed of flexible controlled entities that together are used

to exervute manufacturing activities. The coordinated set of acti-

vities form a manufacturing process.,

3.2.2 S Subsystems

* There are three classes of subsystems‘ip FMS: Agtomated
Machining Systems (AMS), Flexible Assembly Systems (FAS),)and
Automated Transfer Systems (ATS). There‘a:e two types of Flexible
Manufacturing Cells (FMC): Automated Machiniﬁg Cells (AMC), and
Flexible Assembly Cells (FAC). The Automated Transfer System
{ATS) forms a integral part of an FMS and is imbedded into AMS's
~and FAS’s. The ATS binds the the cells in a subsystem together to
form a working whole. It congists of passive or éctive (control-

lable) transfer elements such as those mentioned in the previous
*
chapter: conveyor systems, pallets and fixtures, bins, mobile

vehicles, etc.

An Automated Machining System (AMS) is a FMS subsystem con-
-sisting of Automated Machining Cells (AMC) linked by a ATS. In
the case of AMS’s, the ATS is often referred to as a Materials
1Han&ling System (MHS). The ATS transfers raw méterials and ma-
chined parts under work between AMC’s in the manufacturing of
finishéd parts. An AMC is itself an automated machinigg subsystem
designed to convert raw materials. into qsable parts by performing

- molding or-shaping activities on materials: AR’ AMC may include
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Figure 3-1. Flexible Manufacturing System and Su siems.

s
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robots, sensory systems, and materials feeders in addition to CNC
machines and the like. Altﬂbugh manipulation of matér;gls and
parts may bg performed, no assembly activity is done in an AMC’s.
An gﬁs is the functional binding of AMC's with aﬁ\ATS, that
transforms raw maggrials and machined parts into a variety of

finished parts.

A Flexible Assembly System (FAS) is a FMS sibsystem con-
sisting ¢f Flexible Assembly Cells (FAC) linked by a form of ATS
called a Product Transfer System (PTS). A FAC is a computer
controlled assembly subsystem des#gned to perform assembly acti-
vities or tasks by combining or mating components and parts to
form composite or assembled products. The main elements of a FAC
usually consist of robot manipulators, part and component fee-
dersw.assembly fixtures and complex sensory systems, occasiopally
special purpose assembly devicés. Although some machining type of
operations may be;gprformed (e.g. drilling, bending), the activi-
ties that distinguish FAC’s from AMC’s are assembly activities.
The PTS moves parts and components to FAC's, as well as unfini-
shed assemblies or subassemblies between FAC’s in the manufac-
turing of assembled products. A FAS is the functional binding of
FAC’s with a PTS that together can accept parts, components and
subassemblies and assemble them into a variety of finished pro-

duects.

3.3 Approaches to S Control and Coordinaticgn

In order to integrate the above elements of a FMS, an appro-

priate strategy must be taken to control and coordinate all the
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subsystem element activities (in FAC's and AMC’s) with the ATS
such that manufacturing actually takes place. Also, this strategy
must conserve the desired flexibility of the system, otherwise

all potential gains provided by using the FAC’s and AMC’s may be
< .
lost.,

In this section, an overview of conventional orgaﬁizational
control and coordination strategles used in manufacturing plants
is presented outlinlng their advantages and disadvantages with
respect to a FMS environment. A simple and reliable solution to
the desigﬁ of these large systems must be deyeloped to handle
.complexity of these systems while maintaining total system coor-
dination vis-a-vis ﬁnforeseen occurrences. In this saction; a
generalized scheme with a notation is presented called oligarchi-
cal, used to specify system control and coordination in complex
organizations. This scheme allows for the description of new

organizational alternatives to implementing FMS control systems.

3.3.1 Conventional Organizational Approaches

There are three main conventional organizational approaches
to control and coordination of large systems: fully centralized,

distributed, and hierarchical.

3.3.1.1 Fully Centralized Organizations

In fully centralized organizations, there exists only one
controller-coordinator in charge of all entities (see Figure 3-
2). All computations, contr¥ol and coordination decisions are made

by a sihgle central computer. A single complex contrcl program or
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executive performs all the control and computing tasks.

The

The

main advantages of fully centralized systems are:

a minimum amount of hardware is needed_for'computing tasks
and informatiocn flow;

fast response time for complex control operaxidns is a-
chieved; all subé?stems are accessible directly and in mini-

[
mum time;

quick and accurate decisions are reached and system status is
updated quickly because all the information is centralized;
sinpe all the data are contained in the central cqontroller,

there exists a form of data integration;
ﬁ v
main disadvantages of such a system are:
t
the controller complexity increases rapidly with the number

of entities in the system above a certain complexity level;
the centralized nature of these system leads to severe bot-
tlenecks as the size of the system increases, thus effective-
1y reéLcing the response time; only one controller exists
with which each controlled entity must communicate; high
speed communication links are required between central compu-
ter and controlled entities; more intelligent local control-
lers could be put in charge of the controlled entitlies to
alleviate the bottleneck problem, but this changes the con-
yrol.system organization;

very complex software is required; the controlling program is

difficult to create and validate and the maintenance cost is

very high; when a single entity must be added to the system,
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diffiéult growth is encountered because major software rede-
sign have to be undertaken to meet the timing and interaction
requirements} the Eystem.must control and coordinate either a
larger number of entities or more complex ones, during the
same; interval of time; dynamic reconfiguration is impossﬁble;
3: the single controllpr is highly wvulnerable to hardware and
software failures; the overall operability relies on the
proper functioning of the siﬁgle controller, the central
g computer, and its softwar_e; by providing redundancy in the
system, system intfgrity caﬁ be increased, but. at the cost of
extra hardware a;d~difficult system management;'
In single computer fully centralized control aﬂd coordination
systems, fast response time for complex control operations can be

achieved ‘at the cost of very complex software. In working sys-

tems, response time is found to be very fast because once the
Systém has been cbmplételf organized and progfammed to work, all
the controlled entities have been taken care of in the allotéd
time ;ﬁd in the correct order. Using a comglex and costly refine-
ment process, the system can be tuned to completel? control the
entities correctly and at the proper time.

\

An extension to fully centralized controcl and coordination is
known as a Federated System [PAQUS5]. In.these systems, there
exist a master central computer which remains in charge and many

slave computers that perform low-level specialized tasks. All™

—

computers are linked together through a multiplexed data bus and

Al

all communication is done by data transfers. Since only there is
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only .one central controller, these systems still have many of the
qualities of the single fully centralized control, except that
some modularity and functional independence is introduced via the

slave computers.

3.3.1.2 Distributed Organjzations

The FMS control and coordination system can also be decentra-
lized or distributed. A distributed system, shown in Figure 3-3,
is a set of nodes communicating via a suitable network. The
network and links make information in a central data base acces-

sible. Each node or entity in the system can be viewed as a

separate processing element responsible for the control its manu-

facturing activities.

in a distributed FMS control and coordination system, each
system entity is assigned a controller with dedicated activities,

The controlled entities have dedicated local resources and local

control programs. Application programs are specific to the local'
activities. The manufécturing activities are partitioned such
that each controller performs one or more activities necessary to
the manufacturing of the product. To allow fﬁr intéraction bet-
ween eﬁtities, each controller includes a coordinator which al-
lows it to communicate with all other coordinators in the system.
Each coordinator has the same level of éapability. Decisions are
reached by performing distributed computations,.usually requiring
tﬁe participation of maﬁy or all coordinators. The control pro-

gram (executive) is therefore distributed among the entities.



g o : N\

ChapterVS: Flexible Manufacturing Systems Page 3-13

Advantages of distributed systems are:

1:
g:

relatively simple controllers;

good tolerance to local failures;

the coordinators are mainlyrindependent and have a defined
communicaiions interface and interconnection scheme; no cen-
tral switchlng element exists where decisions are made or
communlcation links are set up;

extremely flexible systems permitting straight fofward“parti—
tibging énd integration of functional program units of
software, hardware, and new technologies;

reliability and survivabi}ity are Ergatly improved with auto-
nomous subsystemns; yulne:ability‘is reduced through locally
dispersed computing resources that can be reconfigured;

with immediate local feedback to the controllers of the FMC's
in the factory, permitting the continuous adjustment.of the
planned flow of products through the factory; ‘

by distributing the processing and providiné local feedback,
the ﬁesign of the plant would emphasize flexibility, permit-

ting a variety of products to be manufactured, even in unit

quantities.

Some disadvantages of distributed systems are:

decreased system performance as the number of entities in-
éreases; the number of processors dictates their ability to
respond quickly; since decisions are made distributively,
they usually invelve a large number of information transfers;
the interaction between separate systems is less predictable

or ‘deterministic’ than in centralized systems since the
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‘controlled entities must operate without complete knéwledge
of the system state;

2: increased software overhead required for communication éroto-
cols and delgys in processing due to walting time in\;ueueé
~at the sending and receiviné ends of the communications
paths; -

3: the units communicate using special protocols and inteépon—
nection systems to avoid network contention; these su?ple—
mentary actions require even more time, and are often driven
by complex software;

4: system-wide database management is required for functional

system authority and validity.

Distributed contrel and coordination systems offer many ad-
vantages to the control of FMS's with low to moderate complexity.
This type of control and coordination can sult FMS's with low to
medium production runs with a liqited number of FfMC’s. In large
production run FMS;s.with a large number of FMC’'s, distributed
systems may be used to achieve the needed flexibility but at the
price of performance. For this redgon, fully distributed systems

may not be. appropriate for large FMS's.
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Figure 3-4. Hierarchical Organization.
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3.3.1.3 Hierarchical Control Organizations '

lHierarcbiéal systems are tree structured organizatiohs of
processing elements where processor capability increases with the
levels qf the tree, as shown in Figure 3-4 [WEITS@],[WI;LTB].
Subé}stemé are under the control of an upper echelon complex of
--Frocessors that coordinate the operation of all the subsystem
elements to perform the required activities. The lowest level
elements are apglicétion dependent, speéial purpose and dedicated-
to a well defined set of activities. Custom or general purpose
architectures can be used for processing elements as required.
The top of the organization has a more general capability for
controlling and coordinating the entire systeﬁ. Hierarchical'“
control systems stgre_shared databases at the top rather than
distributed throughout the system and information transfers are
usually vertical (i.e. between the different leyels of the hier-
archy). The top of this organization is usually handled by maxi-

computers, and the bottom is handled by mini-computers or micro-
s

éomputers. (_Jf*“\Hﬁﬁx

Advan&ages of hierarchical systems are:

l: system capabilities can be easily tailored to system require-
ments since subsystems can be isolateé and be made indepen-
dent; ' e

2: with standardized communication links, these systems are
easier to modify allowing for easier growth and permitfing

better integration of subsystems and straight forward recon-

figuraticn;
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3: hierarchical systems have reduced ope;ational and supporf o
costs; | |

4: system integrity is preserved through independent redundancy
and contrdl allqwing system fguiﬁ-tolerance;‘ |

5: faﬁlﬁ*tolerant reconfiguration is-also possible.

6: functional isolation is achievéd bﬁ.using dedicated subsystem

links.and interfaces; -

ST .repetitive real-time functions are fdund at the lowest le-
vels; |

8: the organization provides for a natural and simplistic con-

trol sﬁructure matching the system’'s control hierarchy.

-

Disadvantages of hierarchical systems are:
‘ ) — _

1: systems may require a large number of processors to support
the control and computing lcad demanded, although the low
cost: of microprocessor based processing elements counteracts

this problem; - s
. . -«

2: with such a large number §f DProcessors, poteﬁtial system
allocation, co;trol, and codrdinétion problems may arise
frequdntly, agd more éyerhead ré%ources ﬁay be needed to
resol;e these problems; |

3: spftﬁare failure handliﬁg features are.difficult to include
without unduly‘increasing the.systeﬁ comélexity;

4: bqyond'a certain complexity, hierérchical systéms‘become“vegy
stiff with feépéct_to énﬁsﬁodification; '

' 5:. the responée time degrades rapidly as cpntroluprocessing

*  requirements go up in the_hierarchy. AN

: s
6: control hierarchy requires multiple levels of data communica- &
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tion links, although a high speed global interconnection is
- . - -
often found in such systems making the system appear distri-
buted; ‘ ' : ) H
data rates increase as data migrate up the tree {unless data

reduction techniques are used)j

'

if the top processor fails, tétal system control may be
completely lost;

if a failure occurs in any interconnecting link, all proces-
sors in the levels below it are disconnected from the system.

and complete syétem control is no longer possible;
L4 -

e

Although hierarchical systems have many reliability traits

similar to those of centralized and distributed systems,:to

ensure operation in a degraded mode or to do a safe shut down,
’ . \_._‘ . ‘ :
they must have specific imbedded features. Redundancy is often

used to imprové reliability. Redundant paths may be pfovidea To

reduce failures in interconnection links, but is costly. To
>

prevent total system failure, redundancy can be put at the top,

but this means a déubling in maxi-computer costs. Also, system

complexity increases when redundancy is used, as well as the

software overhead. Adaoubling of hardﬁare does not mean an in-

crease in system reliability by the same ratio.
!
N

3.3?2 Oligarchiéal'Contfoi Qrganizations

In this section, a general methodology for control and coor-

dination of interacting flexible manufacturing cells“@n a Flexi-

ble Manufacturing System is proposeéd based on previouj work
: L J

[KRIEBZj,[PICHé3]. The'methodéiogy is called oligarch

/

}cal controil

.
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-~

and is mostly concerned with the aspects of total system coordi-
nation.

In an oligarchical system, the scope of the data manipulation

is considered. In control systems, thé scope of the data manipu-

~ .

lation is usually very localized. Data ﬁertain toc the loéal
situation only. Sending data to a central location to have them
manipulated End retransmitting back should be avoided when at all
possible. The oligarchicai control approach provides a mechanism
to minimize ﬁhe amount of data transmissions during execution.

This is done by incorporating into the local controllers the

necessary computing power (mostly based on microprocessor techno-.

logy) to perform the tasks at hand, leaving the aspects of system

coordination to the coordinator levels above.

It should be noted that the system proposed is not a self-
optimizing or self-learning system. In this system, the optimiza-
tion has been done ahead of time, using a separate set of tools

and design systeﬁ.

General Qrganization

Anjoligérchically controlled manufacturing system is best
described as a multi-layergd organization whose lo#est layer is
composed of controllers directing magufacturing cells; and any
other layer is comprised of coordinators. The various tasks of
the manufacturing cells are specified as sequences of primitives
in the local controllers, and are initiated by an action from an

upper iivel'coord%natqr {see Figure 3-5).

’ o

) | | ('
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SYSTEM LEVEL L © ENTITY LEVEL

" Figure 3-7. Views of Coordinators % and y at Level LI[il.
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‘The local contreoller makes all the necessary decisions and
computations for the execution of a task. in the cases w@ere
interaction is required or a decision cannot be made by the local
controller, ﬁjrequest for‘coordination is- sent to tho higher

coordinators %ohwhich it is connected.

The coordinators evaluate local sitééiion btased on the status
of the requesoiﬁgfcon%EgE%er and its subordinates, as well as
'status information of ‘neighbouring’ coordinators. If a dec;sxon
is reached, commands are returned to the regquesting controller,
and all the other controllers within its scope, as regquired. In
the oaoe that no decision can be reached, a roquest is sent to
the next level of coordination is issued. This process continues
until a decision is reached about the original regquest, or until
a timeout counter triggers a safe shut-down of the manufacturing

——

cell and the related neighbor cells.

This coordination scheme allows local controllers to wor

together in the execution of ja set _of complex tasks; i

&
allows the isolation or the take-over of a failed-device, thus
providing some tolerance in device or process/failure. In addi-
tion, the coordination scheme allows for the modﬁi;r alteration
of the manufacturing plant as production requirements change.
This modularity is due to the fact that the coordinators are

designed as simpler processing devices working in an event driven

manner,

In the oligarchical organ}zation, the set of manufacturing

elements constitules the base of the system. The control mecha-
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nism is organized by levels: there are npl ievels of ‘contgpl’
and three ‘modes' of operation for each le§el¢ hierarchiéalf-
decentralized or distributed, and fail-safe. Each level i, where
1<i<n, is composed'of a set L{i] of coordinators; each coordina-
tor xelLil] is directly connected to several coordinators at level
31-1 (in the case where i=1, the coordinators are connected to
system elements), and to at least one coordinator at level i+l
(except in the case where i=n). A generai depiction of an oligar-

chical system is shown in Figufe 3-8.

Additional specifications of the topology of an oligarchical

system are:

1: LEiJ) < 1LEd-131, i.e. the number of coordinators is de-

creasing in the levels; 3

v,

2: IL[n]l21§ i.e. the top level can have- more tHan one coordina-

tor, called managers;

3: each coordinator xeL[i] can communicate (either directly or

indirectly) to all other coordinators in L{i];

4: each level. is ‘globall& connected’ to the next levels, i.e.
each coordinatpr in L[i] can communicate (either directly or
via another coordinator in L[1]) to any coordinator in

L{i+1], and vice versa.

The level of coérdination, as well as the'size of the subsys-

tem below it of which it is aware, determines its control capabi-

lity. Formally, the view V[x]EL[®] of a coordinator xeL[i] is

defined as the set of elements directly connected to(& if 1=1;
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otherwise, as the union of views of all coordinators yeL[i—l]‘.-

directly connected to x (see Figure 3-7).

There are three kinds of (control) cqymunicatibn primitives:
requests, control signals (or cémmands), and transfers. Requests
are sent to the higher lével, control signals are sent to the
lbwer %evels, and transfers are sent within the same lev;l.
Reques£; typically originate at the. system element level. Assé—
ciated to each reguest there is a scope which specifies the
degree of decisional capability needed to resolve. When a request

is resolved at level i, appropriate commands are sent to the

lower level as specified by the control function ¥[1]. When a

commanq is received at level i, phe appropriate action is taken
as specified By the Erocéssing function G[i]. When an element
Eel[9] receives a command, it will perform the appropriate pro- -
QessingJ;ctivities.

Each level can operate in three modes: hierarchical,.decen-
tralized, and faii-safe. In the hierarchical mode, when a request
P arrives at xeL[i], if F[pJeVIx], (i.e. xghas the controlgcapa-
bility of resolving the request), it resolved the request; other™
wise, it sends the appropriate request to level i+l for resolu-
tion. In the decentralized mode, any request arriving from level
i-1 is resolved collectively by the coordinators in L[i] in a
distributed fashion. In the fail-safe mor%, a coordinator trig-
gers a shut-down mechanism. In other words, a coordinator at
level 1 is capable of resolving immediatély certain requests; for

other requests, it can either differ the resolution to a higher
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level, or resolve it in a distributed fashion with the contribu-

tion of other cocordinators in Lfi].

The- decision on which mode of operation should be used is

made accord;ng to the following rules:

1: gcoordinators at level 1 operate in hierarchical mode unless

there is a disconnection between levels i and i+l. Level

‘disconnection can be defined to ogcur when there is a total

——

disconnection (i.e. an absence of any route) “between two

levels, or just functional disconnection between two levels
(e.g. the average or maximum routine length between two

levels exceeds a fixed ‘performance degree’).

2: coordinators at level j enter a fail-safe mode only when, in

the decentralized mode., 2 physical or functional disconnec-—
~

tion is detected within the level.

Basic features of an oligarchical manufacturing system are
-reliability, fast response and lowssystem complexity. Reliabilipy
is achieved because, in CQSe of failure of a coordinator x ele-
ment of L[1], any coordinator yeeleqent of L[i-1] directly con-
nected to x can_stiil send its request to another coordinator =z
elemgnt of‘L[i] either directly or via some w element of L[i-1];
recall the coordinators in a given level can communicate with
each other. Similé;ly, in case of direct line ﬁailure.betwe;n y
element of L[i-1], xeLfi], ¥y can still send its request to level
i. If there is a disconngction between the two 1gvels i and i;l,
the coordinators in L[i] cannot send their request to leéel i+l.

In this case, they switch to a distributed mode of operation
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" which allows them to resolve any request. Thus the system will be
operational, albeit at a slower pace. Therefore depending on the

-

level and the mode, fail-safe or fail-soft, failure tolerant

operation of the system can be achieved; the former at the lowest

level of coordination, the latter- at higher ones.

Since th; number of levels in an oligarchical system can be
kept small [KREI?Z], the respconse time for a request resolution
in absence of failure is comparab}e to the-response time that
would be experienced in a centralézed system.‘In the case of
serious failures, the response time is never greater (and usually
much Iess)ﬂthan in fully distributed systems; this is because the
number of elements in a levelj(involved in the distributed reso-
lution) never exéeeas the number of elements (inveolved in the

resolution in a fully distributed system).

Independently of their level, all coordinators are function-
ally equivalent in.that they execute the same basic algorithm
(only on different data); thus they can be physically identical.
Furthermore, by controlling the ratioB

tL{1]}

ILLi+1]]
between successive leveis, the total number of coordinators can
be kept very small while still maintaining all the other fea-

tures. This keeps system complexity low [KRIE82].

In [PICH83], it was shown how to implement controllers and
coordinators in an oligarchical‘system when applied to a proto-

type assembly line. There are several factors that must be consi-
i .
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dered when implementing an oligarchical control mechanism:
-~y

l:. to increase system performance; the partitiéniﬂg of the ele-
ments should be done according to their level of. interaction;
elements whose cooperation is often required should be as-
signed to the same coordinator (as for a vision system and a
robot manipulator); accordingly, the parfitioning of coordif
nators should reflect the degree of interaction between the
elements within its view.

2: the overall system reliability can be greatly enhancéd by
connecting each system elemeﬁt to more than one .coordinator
at the next level at the éost of increasing the ;omplexity of

+the coordinators'and the number of connection links.

An oliga:éhiéal control system integrates features of centra-
lized, distributed and.hierarchical strategies allowing the de-
sign of control mechanisms that are highly reliable, have fast
response time, and can be easily upgraded, modified and expanded,
rurthermore, because of thé inherent modularity of an oligarchi-
cal system, the design process is simplified, as well as in the

testing, verification and fine tuning of the resulting system.

3.4 Summary

In this chapter, it was shown that the physical realization
of CIM is the Flexible Manufacturing System (fMS). A IMS is a
cost effective flexible system for manufécturing a variety of
similar or different products. A FMS consists of an Automated

5

Manufacturing Systems (AMS) and a Flexible Assembly Syétem {FAS)
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linked by an Automated Transfer Systém (ATS). The subsysteﬁ ele-
<::\ ments of a FMS are Flextble Manufacturing Cells (FMC).

A AMS is a FMS subsystem that transforms raw materials into
finished parts. A AMS consists of Automated Maghining Cells (AMC

- linked by a Materials Handling System (MHS). A AMC performs
machining activities that shape materialsrand_give them a geome-

tric quality [OWENB84]. -

A FAS is a FMS subsystem in which assembly activities are =~
performed to transforms parts and components into finished assem-
bled products. A FAS consists of Flexible Assembly Cells (FAC)
linked by a Product Transfer Systém (PTS). A FAC performs assem-
bly activities that mate parts and components inte products that

acquire a functional quality [OWENS84].

In order to make the FMS a feasible reality, manufacturing
processes must.be partitionable into sequences of activities and
mapped onto a sultable set of FMC’s for execution. The parti-
tioning of these stéps must be such that efficient use of the
resources is achieved, and to pfedict, relieve, and possibly

avoid potential bottlenecks in the system, with acceptable costs.

In addition, reconfiguration (change-over) of the whole FMS
should not incur large design costs. Timely and cost effective
change-over to a new product requires the manufacturing ehgineer

to execute the following steps:

1: 'Specify the production steps in terms of activities executa-

-

blé by Flexible -Manufacturing Cells (FMC's);

\\/'\
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2: Reprogram, and if needed, reorganize the FMC's to execute the
- required activities; ' e

3: Reconfigure the transfer system to execﬁte the various pro-
duction steps in the‘required Sequencg;

4: Develop the compufer control strategy needed to integrate and

coordinate the owerall system. /ﬂ\\i:j)\
- . . ~ :

Proper coordination of activities performed by FMC’s . must be
achieved for effective fleﬁiﬁle manufacturing. This also implies
the proper and timely handling of error situations starting from

the lowest level controllers rigé} up to the top level system
| coordinator(s). The proposed oligarchical organizatiqn scheme
offers a usable methodology to ideﬁﬁify and specify total system
control and coordlnat;on of activities in the FMS and to handle
failures in a tolerant system. It permits different organization

alternatives to be investigated in terms of the needed interac-

tion of activities performed by different FMC’s in the FMS.

There are few tools available to aid the manufacturing engi-
neer\\? performing the above steps. Therefore, to provide flexi-
"—-—-—_—
ble manufacturlng at acceptable ceosts particularly in the cases
of small and medium production runs, it is important to develop
easf to use design tools that allow quick and orderly production

reconfiguration, retooling and reprogramming.

Each each Flexible Manufacturing Qell must be programmable.
To permit programmability, the elements of and FMC must also be
well integrated. A major aspect that must be resolved is the

reprogramming of reorganized FMC’'s with different or new elements
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from different sources, to perform new activities in the manufac-
'ture of new pr;ducts. A’general‘séheme is needed to help in
automating the process of FMC prqgramming. In the next chapter,
the problem of integration of elements into a programmable‘FMC.

'will be addressed.

W
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_ ' CHABTER 4 o \
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Flexible Manufacturing Cell Design

4.1 IMgroduction . | !

In this chapter a aesign scheme for a_Flexible Manufacturing
Cell (FMC), a computer controlled manufacturing element able t‘
perform manufacturing activities for a wide variety of prdﬁG::Z,
is proposed. Since this approach applies‘both to the eesign of

AMC’s and FAC’s, it is presented in onl;\terms of FAC'Ss.

A Flexible Assembly System generally consists of a'numbe{.of

robot manipulators based FAC'is.whose actions are coordinated such
that they‘exeeute assembly ectivities to assemble a product from
its components.. The FAC’s are fed by part-feeders and linked

together By a Product Transfer éystem (PTS).

A FAC is a ilexible eemputer controlled assembly subsys;em

which specifically performs aséembly activities by transforming

parts and components inte finished assembled products; In a large

: X
FAS, each FAC may perform partial assembl?'of ‘the-fin l product

and complete assembly is achieved when all assembly activities

\

have been successfully executed [OWEN8B84][SPECE3].

ted "to Ldentify and c¢lassify the range of functional, "m?cal

The elements of a FAC for flexible assembly are first presen-

' control and:éoordlnatlon, and performance requirement such a FAC

must satisfy. It is assumed that a FAC contains ropot manipula-
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tors, sensory systems, parts feeders or presenters and product
transfer systeﬁs and other elements are considered for flexible
assembly. Second.lby showing that a FAC is the mechanical equiva-
lent to a computer, a FAC organization can be defined to 4Ante-
grate.the elements of a FAC, their controllers, interfaces, and

their programming aspects. Furthermofe, based on this equivalen-

ce, FAC programming is in terms of a proposed Cell Language.

4.2 Elements of Flexible Assembly Cells

h e
In this section, the types of elements found in FAC's are

- presented to identii{ their complexity and variety, and the need

" for a methodology and organization that allows their integration

into a single working FAC.

A ba;ic FAC is composed of the following elements: a robot
manipulator(s), a sensory systeﬁ, parts feeders, fixtures, a
c;ntral controlling processor, a local datébase, and communica-"
tion links to other FAS elements (ée?}Figure 4-1Y.

~

The robot manipulator consists of many érm segments and
joints, and a power unit. Robot manipulators ¢an be fitted with
specialized end effectors needed to pgrford differeht types of
assembly tasks. The sensory systems may consist of a vision
system, tactile sensors, positioning sensors, socund sensors, and
proximity sensors. To execute the regquired tasks by performihg
positionihg transformations, a central controller is neecded. This
processor executes a set of programs needed to gather the sensory

data, recognize objects, calculate Joint positioning parameters,

.\\\ : : " ) .
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ROBOT reeper | SENSORS |.
VISION ~ END SECOND
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y

Figure 4-1. FAC Consisting of Variqus Elements.

"

Figure 4-2. Various Robot Manipulator Configurations.
) S
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etc. The local database ils needed to keep on-lipe all the re-

and préducts (models), possibly a

'set of programs that implemen .diffe:ent algorithms'required'for

controlling the local resources,\and to acqui;é data from the
. - ’ : .
assembly process that would be needed for archiving and inventory

purposeé. P

4.2.1 Robot Manipulators

N

An-indﬁétrial robot mgnipulator is mainly a movement oriented
dé;%pe, and is used to move the product to the tools, move tools
to éhe product, or add coméonents'to an unfinished p£oduct. What
differentiates this device from any previocusly conceived tool or
device is thﬁt it is able to manipulate geometrically different
objects and functionally different tools (pincers, drills, arch
welding guns, etc.) under external control to perform manufac-
turing tasks. ) . | B

The méphanical structuré, the end effector or end tool found.
on‘tﬁe end of the robot arm, the movement ¢ontrol mechanism, and
power sogrce are the main components of these devices. There

- .

exists a widéﬂaariety of manipulators with different kinds and

combinations of mechanical structure, end effector, movement ..

~control, and powering units. In this section, the different

characteristics of robot manipulateors are classified according to
mechanical structure, end effector, movement control mechanism,

and power unit source used.
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4.2.1.1 Mechanical Cénfiggration E

The mechanical configuration of industrial robots gene;ally
consists of a central pedeatalior £rame with mechanical linkages.
Movement is&done by actuating the_liﬁkages and joints ac%pators.
qsugliy pneumatic, hydraulic,=or eiectric. The manipuiatofs may
.Q§nsists of many arm segments, Jjoints, and special end tools ‘
(specific 1o a tasﬁ), with many axes. The number of fxes is

‘.usually referred to as the number of degrees of freedom, and

PR

gives an indication about the manipulétor's £lexibility, capabi-
7 i . .

lity, and versatility. The actuators méy be directly connected_to
the mechanical links or joints or maf drive the mechanical ele-
ments indirectly through gearshfchains, ﬁires(ghd pulleys, or
ball screws. There is a wide variety oi mechanical. arrangements.

Most available manipulators can be classified according to the

type bf\éqg;dinate system in which they work (see Figure.4-2).
:’l -

~

Cartesian System Manipulators are controlled to move in the
cartesian coordinate system; with at least one limb contrelled in
the x-, y-, and z- axis. The end unit is connected_to the last
limb and could have other limbs for flexibility. The work ‘enve-

lope’, the space in which the robot can work, is a box.

Cyrlindrical System Manipulators are of the most common confi-
guration. A horizontal limb or arm is mounted in a vertical
column, usually fixed to a rotating Ease. The arm moves in and
out, the carriage moves up and down ;n a vertical column with.
both upper components rotating as a.sinsle-element on the base.

The work ‘envelope’ is a portion of a cylinder,

5
J -

\

/
—

———
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Spherical System Manipulators have similar mechépigs to the

—_—

. . . - - -
~turret of a grmored tank. The arm moves in and out, pivots verti-

-

"cally, and rotates horizontally about the base. The work ‘enve-

.

lofe’ is a portion of a sphere. -
. -. - . .i
Articulated, (Jointed-Spherical) System Manipulators have a
forearm conﬁécted to the base through a second Fpper arm. At each
arm glbow there is a joint usually permittihg'?ovement in one
@{éne.LThus an upper arm and forearm movg,in a yertical plane
through a trunk{_connectgd to the base. Since there is an elSow
between the forearm and upper arm, and tﬁere is a shoulder joint

beﬁﬁeen the upper arm and the trunk, the work ‘envelope’ is a

. : r : '
larger portion of a sphere, or an almost complete sphere.

4:2.1.2 End Effectors

—— .
-

An end effector is part of a wrist unit which can have a

number- of additional axes of rotation. The usual movements per- .

mitted by additiona; axes in such units are: rell, pitch and yaw.
The roll movement is'the motion of the end effector ih a plane
perpendicular to the end of the manipulator. The pitch movement
permits rotation in a vertical plgne-through the arm. Lastly, yaw
permiis rotation in a horizontal plane through the arm. Other
movements afe allowed by using additional axes ?hat could, for

. ' ~
example, have ‘fingers’ and give increased versatility.

”

Jhe end effector defines ¢the set of coordinates for which the
calculations are made to have the robot move it to the proper

destination coordinates. Computations are made [PAUL81] for each

-
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\

joint of an end effector as well as for each joint of a robot
manipulator. Joint positions are translated into the needed ac-
tuator control values to bring the end efféctor.to the destina-

tion.

The end effector may—itself span in complexity from a hook.EP
pick up objects, to a highly advanced multi-fingered hand. Such
hands allow extremely sophist‘cated/éperations £o be performed
where meticulous manipuiationfoperations are needed such as 7in
fastening. The are séne{?lly two types of end effector tools:
Lrippers, used to‘ﬁold workparts or other tools (mechanical
gripperé? suction cups, magnetized grippers, hooks, scoops); and
function tools that are fastened directly to the robot wrist

({spot welding, arc welding, anq spay painting guns, drilling

spindles, routers, grinders,-brushes, torches).

l———

=3
4.2.1.3 Movement Control Tvpes

Movement is governed by the robot-manipﬁlator’s controiler.
The controller initiates and terminates manipulator m&fions,
stores position and sequencé\§ata, and interfaces with the ‘out-
side' world. There are many t}pes of controllers fcund in robot
manipula&ors. The range;of controllers span from simple limit
switch-based controllers and simple pneumatic logic systéms, to
advanced minicomputers. They are ﬁoused either in the manipulator,

or in separate cabinets, usually close by, or, i;)cases where

there is a damaging environment, at a remote location.
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Sample gripper designs: (a) pivol action gripper: (b) slide acbon gnpper' ()
daoubie gripper—pivot action mechanism; (d) vacuum-operated hand. .
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Figure 4-3. End Effectors .
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The {types of movement control exercised by the cqntrollers

can be.flaséified-based on the presénce of sensors, and their
- - . . . H

level of sophistication.’

<

A rbbét manipulator syétem that déas not have any sensors is
referred to as open loop controlled. All open -loop controllea
systems correspond to table look-up systems, where the tables
contain data that represents a sequence of steps required to

ﬂexecdte the prepianned activities. The preparation of the tables
is often done by precalculation, or by ‘t;aching’,'i.g. hand
h&lding the robot through the-differeht steps and recording the
sequence of positions on tape or in memory for later playback.

Some open loop controllers execute a set of pseudo-instructions
- !

determined by the programmer. This language allews the programmer

-

to specify textually the sequence of operations to be done by the

.
robot manipulator. Since no feedback is available, the sequence

of operations just performed cannot be checked, nor can the robot .

manipulator react in the face of unforseen disturbances.

Advantages:

- x

1: programming by ‘teaching’ is a fast and easy technigue;
2: this type of manipulator is usually lower in cost;
3: this type of manipulator often has a higher load capacity

(using hydraulic actuators) and has a wider working range;
<

Disadvantages: ‘ 2

1: ‘teaching’ has limiteﬁ‘fjexibility in terms of programming

and positioning capabili’ies;

/ -
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2: prog;ammgd positions cannot be easily modified during opera-
- tion; . | . . . '-\ -
. 3: canﬁot be used in aséembly application;; H!

4: . this type of manipulator has low repeatability, i.e. the
ability to Q;ke the samelpovement'accuratqu with limited
to;eraneg for several tries,'and is a major drawback of ;hié
\type.of manipulator since slight changes can occur after a

number ¢f runs producing unacdéptable misalignment;

_ To overcome wasteful bperaq;on-in the absence of parts,

simple pPresence sensors (switches) can be-added. Typical applica-

tions for this type of manipulator are in parts handling and tool
handling tasks (parts transfer) whefe consistent operation but

- not high repeatability is needed. Open loop controlled manipula-
tors are géed,in similar applications such as spray painting,

arch welding, polishing, and grinding, but not in assembly appli-

cations. Open loop controllgg_manipulators are often referred to

-
*

as end-point, pick-and-place, bang-bang, or limited-sequence

manipulators.

Closed 1oop‘contr§lléd robots employ sophistfzéted feedback
devices and monitor the appropriate'variables until they reachla
point aé'which the controller is instructed to stop actuating'the
robot arﬁ or tool. Manipulators of this type have greater -flexi-
bility and are much more-expensive, ‘although less reliable (in
some cases) than simpler machines because of their:complexity.

The general features of clbsed loop controlléd manipulators are:
“

l: wvarious manipulator members cén be commanded to stop anywhere

- Y
N } . - -
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1within'their resclution) within their limitws-of travel;

2: velocity,vacceleration and deceleration‘of arm members on
various axes can be\controlled;_ ’ o o

3; the_gpqurécy of operation is varied by controlling the magni-
tude of thé relevant error signals; ” =~ .

4: programming is done as a design task du{iné ‘the develépmen%
stage and the control is by ﬁfogram; the level of control is
directly dependent on the complexify of the task td be done
Iand the complexity of \the fogram contrplling™the actions;
sensors also contribute in the determination of the proces-
sing requirements to perform'the tasks;

5: multi-érogram operation is facilitated and bf using mini- or

microcbmputer based controllers, alternative actions can be

taken within a program.

The different kinds of closed loop controllers can also be

defined as being either point-to-point, .or continuous-path.

Ny —

A. Point-to-Point Closed Loop Controlled Manipulators
o . :

In point-to-point closed loop control, a destination position .
is fed to the.robot actuator?, movement is performed, and its
position is then verified to determine if- proper destination has
been reached; if not, a correction is made. For complex paths,
path is subdivided into intermediate segments and when the inter-
mediate destination has been properly reached, the‘next position
is calculated relative to the preéent position with refinements

done at each step. The robot moves'along segments to its final

position, and corrections to the movements are ,done at each point
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theé trajectory with no control of the path between the points

T‘Poin't.-to-point closed doop controlled Eobot manipuiators are
used\ih“any industrial applications which do'not require exact
positioniﬂ; and are mostly used for small parts and tools manipu-
latibﬁ: These systems have a high flexibility of oﬁeratiﬁn; are
usually found in the lower end of the scalé in load capacity but

have a broader working ranée. The actuators are usually mechani-

cal devices with medium resolution positioning contreol.

]

B. Continuous-Path Closed Loop Controlled Manipulators

Continuous-path closed loop.controlled‘manipulators are ro-
bots in which the path followed to reach the end point is a-

chieved in a smooth continuous movement. The trajectory followed -

)

by the robot is computed and controlled in such a way that the

robot moves in a continuous motion to the proper destination. The

-

control sysﬁem uses sensors to continuously track or check ®he

_ progress of the robot as it méve; toward the destination. Thus
continuous adjustment can be performed without impeding the pro-
gress of the robot.'More complex hardware, including advanced

sensors, and advdnced software development techniques are needed

to achieve' high coperational fle&ibility.

In the case of continucus-path closed loop coﬁtrolled robot-ﬂ
manipulgtors, data is sampled periodically instead of at prede-
termined peoints in 5pacei'Thus large and fast memor? stofage is
required such aé mass storage computer disks to retain a conside-

rable amount of information.
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These robot manipulatdrs are smalier-ih size qnd wegéht with
" high ogerhtion speeds but low loading capacity. These robots are
'psualiﬁ found in app}icé&ipgs such as parts manipul?tiOn fqr
simple assembly where fine movement is needed or.in more advanced

parts transferring tasks as in moving conveyor systems.

.4.2.1.4 Power Units S ' - r\

-

The power or energy source regquired by robots to-zttivate its

-

actuators is usually supplied ffom hydraulic, pneumati¢, or elec-
tric sources. The supply is often féund as'an'EE}egral part of
the manipulater, but can be a remote unit. For example a hydrau-
11& power system generally comprises of an electrically driven -

pump, filtef, reservoir and heat exchangers, with an petroleum-

-

based fluid to transmit the power to the'gctuators. Hydraulic

drives allow robots to have heavier payloads but usually at a-

cost of resclution. Pneumatic drives are the most widely form of

power unit found, usually in medium payload situations. In

Pneumatic systems, compressed air is“used instead of liquid.”

Electrical scurces are now becoming the mainstay of robot power

units for join£ actuator motors because of their high controlla-
bility and reliability, althoﬁgh they often are;found at the
lower end of the payload’scale. Power drive units are often found

linked to the joints by levers, gears and steel rods, and by

string and pulley.

4:2.2.Sensofﬁ sttemq

In closed loop control, the use of sensors is required to

provide the controller with the data and error information needed

H . . ' - o~
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to execute tasks. By providing the cont;ollerﬂﬁith positioning,
. . a0 . .. )
visioq, proximity, and tactile information, advanced tasks can be

performed even with elementary manipulators. -

Progrém control can use these data for different purposes
from trajectofy Of paﬁhnélanning to objec? recégnition. The
complexity of the processing for some purﬁoses puts a demand ‘on
the local computing péwer sincé the ;ghgé,must react to the
environment, often in a real-time fashion. [PETR86] identifies

. four major types of sensors: positional, proximity, machine vi-

sion, and tactile.

£.2.2.1 Pogitignal Sensors

-

‘l/ Positional sensors are used to determine the proper position
cf the robot manipulator. Positional data is.required to deter-
mine the exact location of an object. In many applications, thelﬁ;
information is\reQuired to find the position of the end effector'“
of-a robot manipulator. Positional sensors vary in complexity
from simple switches actuated by the manipulator arm to advancea

machine vision systems. . -

Robot internal positional sensors, called propricceptors, are
used on robots—%o measure the position, direction, and velscity
of the :obot joints. The devices used are poﬁentiomgters, optical
shaft encoders, and resolvers or velocity sepnsors. Potentiometers
measuie the position of a robot joint using an analogue_techni-

que. Optical’shaft encoders are more accurate digital devices

used to measure position. There are two basic types of optical
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shaft encoders: absolute, where-the unique angular\position is

read AEtiéally as a unique-(Gray) code on a circular discf incre-
mental, where a glass disc %§ imprinted with one or two circular
rows of slots of equal size and spacing,iand a reference slot. -
Direction of moveéjggvis also detected; The sensed data are

eitber analogué or digital, althoug@ today almost all applica-.
tions convert analogue _data to digital data for ease of proces-

sing by computers.
4.2.2.2 Proximity Sensors

" Proximity sensors are used to determine object absence or
“ ' . . —— p—
presence of surfaces, without actually contacting a surface
[SNYD85]. Proximity sensors provide collision avoidance and in-

formation about approach conditions to permit controlled movement

of a gripper such as deceleration or maneuvering.

Optical proximity sensors in the simplest form can be used to
providéé a simple binary sig%S; indicatins object presence. Each
object requires separate calibrétion because the sensitivity of
the sensor depends on objéct surface reflectivity. Reflectivity
can be used to determine distances by projecting a calibrated
light sou;:;vonto the objects. This approach is used by optical
ranging sensors. Fiber optics and signal processing technigques .

are increasingly used in the implementation of optical sensors in

ranging situations because they provide improved performance.

Other techniques used to measure distance include.triangula-
tion. In this technique a plane of light is projected at é known

angle and position onto an object and a light sensor is put at a

.
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. +known distance from the light source. The observation angle is

measured and from this the disténce to the object is computed. A
similar technigque called 1likht stripping uses a single light
stripe and a CCD sensor put directly in the robot hand to measure

Y
distance; this is often referred to as a hand-eye configuration.

- —

4.2.2.3 Machine Vision

Machine vision is a key sensor in modern robotic technology"
because of its versatility and the amount of information col-
lected in one image sample. THeir continuing decrease in"price
and increasing availability make this type of sensor very attrac-
tive in adapting to a FAC. Machine or robotic vision systems ére
used not only to obtain information about the objects-and the
scene.wheré the robot is operating but can als&rbe used as robot
position sensors. They can be used to search and recognize ob-
jects, to deﬁermine the position and orientation of the objec?;,
to perform robét path planning and tracking, and to deteémine the

status of a%sk-

Robotic vision is divided into several functional layers:
image acquisition, segmentation, parametric extraction, fpattern

\\
%

reccegnition, and scene interpretation.

The lowest layer is image acgquisition where light patterﬁé
are encoded usually in levels of gréy.-Some image re;toratidn and
~
enhancement can be done at this level, but focusing, aperture and
viewpoint setting are the main functions pefformed. Image quality

and accuracy depend on lighting conditions, depth of field,

sensor sensitivity (pixel word size, number of quantization le-
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-vels. signal- to-nomse ratlo), scene and objebt r?flectance, and
the way the image is scanned. Image sensors are usually basdd on
'eledtron beam scanning as found in Qidicon tubes, on 2-dimen
sional Charge-Coupled Devices (CCD's), on laser scanners and
light source scanning called structured llght Structured llgh
techniques allow both positlon and object image acqulsltlon to be
done using the same sensor. Other approaches 1mply the use of

radar systems and illumlnatlon generated coded events éigétlng

In image segméhtaﬁibn, the scene -image ié broken up into:
components .which correspond to semantically distinct objects in
'phe sdene. Segmen;ation_partitions the image into.relevant re-
gions or objects. Meaningful partitioning results in the labeling
of component regions of the image. Basic algorithms used tg p;eak
up the image are edge finding and regidn dluster?&g or growing.

In parameter extraction, objects which have been isclated by
2 entatiop are specified accordingxto pbsition, shape, colorr_
fandftexture. Parameter extfaction improves segmentation (by clo-
sing-holes), separates and connects objects and help in the
selection of objects based topological or shape features. In
binary images, operations done at this level include pixel inver-
: :
sions, logica; cperations between two images, neighborhood opera-
tions such as dilation, erosion,-contou{ finding, progggation,
and skeleton extraction. Physical infdféétion can also be extrac-

ted such as the area of an object, its dimensions, its shape, its

moment (center of gravity) and invariant moments, number of holes

in the object, etc. :5 ( 4
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Pattern recognltion is used. to/find features that are effec-

tive in discriminating between- partern classes. By recognizing

patterns, the reduction of patterq data in stages is done and it
r

is often viewed as an informatlep {e&uctlon process [ENCYS83].

Pattern recognition is done by %he processes of feature extrac-

—

tion and evaluation, and selectidn. In feature extraction and
evaluation, key features are found\that permit the generation or

reconstruction of the original pattégns. In feature selection,

——

features are selected that, with grgat care, characterize pat-

-

. s /. . :
terns. Pattern recognition may re€quire greater computing power to

p8rform recognition algorithms in a timely fashion. Many approa-
ches are taken télreduce this requirements by reducing the number
of features without.adversely affecting error performance. There
are several types of patfern classification approaches: parame-

tric, non-parametric, and structural.

Parametric pattern classification is an approach based on a
technique where pattern categories are known a priori to‘pe
characterized b} a set of parameters for some classification.
tasks & This type of approach requires the definition of the
discriminant function by a dlas§ of probability densities defined
by a rélatively small number ofiparameters. Pattern classes are
usually assumed to arise from multivariate Gaussian distribution

where the parameters are the mean and tpe covariants [BOWB4].

In non-parametric pattern recognition, no assumptions are

made about the characterizing parameters in many other classifi-

‘cations. Some parameterized discriminant funetions (such as li-
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near, non-linear, and piecewise linéar functions) ére used in
non-parametric methods, but no conventional formuof the distribu-
tion is assumed {BOW84]. Classification procedures also include
stochastic approximation and poten@ial fﬁncti?n methéds, clus~--
tering procedures, density est}matiqn methods, nearest neighbor
classification rules, statistically equiﬁalént blocks, and dis-

crete variag}e methods [PETR36]. -

In.structural pattern recognition, patterns are defineé in
terms of primitives and relathEE_among the pr;ﬁitives in order
to describe pattern structure explicitly. In vision, primitives
are simple objects énd relations are‘;patial. The basic idea is
to describe complex patterns in terms of simpler patterns. A
formal languaﬁe theofetic apprecach is employed t¢ represent pat-
tern structu;; in terms of syntax rules, and classes in terms of'
grammars and their asscociated languages. Ap cbserved pattern is
assigned to the class‘wﬁose grammar ailows a suecessful parsihg.

This method is used to reduce the number of features required for

complex patterns and so simplify object representation. -

The description of a set of objects in terms of their identi-
ties, position, orientation, juxtaposition, structural }elation—
ship and semantic associations in a consistent way is known as
scene interpretation. Advanced processing techniques are used to
determine object featuré}vfo permit the proper operation to be
prerformed in controlling a FAC element such as a robot manipula-

el

tor in robot trajectory planning.
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4.2.2.4 Tactile- -Sensors e ﬁ-// '

Tactile (or touch) sensing is one of the most important
sensing methods-for assembly épplications. There are twé-asbects‘
of tactile sensing: cutaneéus sensing concerned with the textural
patterns; and kinesthetic sensing concérnéd with the determina-
tionlof forces and moments. H;ghi& accurate positional informa- "x\
tion can be cg;lected by tggtile_sensors {higher than'EA many

Furfent machine vision systems), énd they glso aliow to perceive
objects from more than one angle at once. This type of sensor is
needed for systems which reéuife highly accurate positioning of a
robot end_effector such as required in a§sembly. This leQQS to
‘smart’ end effectors complementing machine vision sénsors: Tac-‘
tile sensors detect: 1) presence of objects d:bparts; 2) part‘

shape, location, and orientation; ontact area pressure and

3
pressure distribution;-4) force magnitude)\ plane, and direction.
The componenfs of tactile sensors are a tou surface, a transdu-
cer medium to kLonvert local forces and mome to electrical

signals, structure, and control/interfa

4.2.3 Fixtures

Fixtures are devices used tec held cobjects in a2 known and
fixed position during manufacturing steps. They are often used to
overcome obJject manipulation shortcomings in robot manipulators.
They permit the use of a siﬁgle manipuiator in tasks requiring

T:bhat the object be held in a specific position while useful |
Ioperations‘are performed on it. Fixtures can be simple static

devices ontc which an object is attached and then released, or

- L
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they can be more complex actively controlled devices by means of
-/%hich the object held can be moved into more apprdpriate posi-

tions during‘wofﬁf In many cases (especially in assembly), major

components of a product are mqgified in their design to act also

-

as fixtures. This helps decrease manufacturing costs since it

— avoids the use of specialized fixtures. . (\

4.2.3 Part Feeders e -

In any assemBly'line a method of presenting the parts is .
required-to have continuous production. Parpi presentation is a
difficult problem because of the complexity and variety of compo-
nent physical geometries. The parts feeders may orient the compo-
nents either in a specific known position or.in a general posi-
‘tion where the details of the position will be determined at the
time it is taken by the grasping_ﬁevice. In practice, a new
solution to handling must?often be deveéloped for each new compo--*
nent in assembly, as is the case when bins are used. In simpler
robot manipulator sy;tems, components to be used in assembly of |
the Prodgct must be positioned at the FAC with high accuracy of

location, with great consistency on every cycle, and usually at

high rates of speed [GROO8#].

]

A%so, problems such as defegtive components or parts must be
properly addressed. In flexiblé assembly, components must be
inspec?ed in order to avoid jamming or complete defective pro-
ducts and possible assembly line stoppages. Sophisticated parts

feeders could be involved in the inspection of the components

prior to being used for assembly. There are generally two broad

*»
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types of parts feeders: dedicated or special, and general pur-

pose.
4.2.4.1 Dedicated or Special Purpose Parts Feeders

Dedicated or special purpose part;_fgede}s are used to pre-
sent parts to the FAC in a co;pletely prespecified and unchanging
way. Dedicated parts feeders are designed in such a way as to
reduce the amount of processing done by the work station and
thereby aid in increasing the .performance of the FAC, and permit‘
the use of less sophisticatef/iobot manipulators and existing
devices in the FAC. The sensory system requirements for the‘
station are also reduced in complexity to help performance and

reduce the overall control complexity.

This type of parts feede;Sis meaningful under the condi%ions
of large prodﬁction runs whexé alhigh investment cost can be
justified. These parts feeders tend to be specifically Eéared to
a very narrow set of apelications (é;d often only one), are'
custom designed and are usually very expensive to make or de-
velég. For example, in Printed Circuit Board (PCB) manufacturing,
there exist special purpose-maéhines that-giepare component -
'shaped like cylinde;s, called axial components, by putting them
in a feeding ribbon in the required order of inégrtion that will
be follode during assembly. The investment made for the custom
feeder is amortized over thg_}ife of the part feeder and the size
‘of the production run. Dedicated parts feeders are not feasible
in smaller production runs because of the overhead in designing
them‘%ﬁa their costs, and because they do not contribute to the

\ “

{
e
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overall fiexibility of automated FAC’s.

4.2.4.2 General Puréose Parts Feeders -

-~

In smail production run FAS's, general purpose parts feeders
are required because special purpose part feeders are too costly
to develop and would not make this type of FAS's feasible. Gene-
ral purpose parts feeders used with robot manipulator-based .
FAC's, are often coupled to advaﬁceq vision systems. The vision
systems are needed to determine the Qrientation and position of

objects.. In order to recognize and grab'thg parts properly for

the assembly process increased processing power is needed with

this type of feeder. This increas;;-the complexity, of the FAC,‘
One method used to reduce the processing' requirements and
save processing time is to avoid losing the orientation informa-
tion acquired by an object at one FAC by placing the ;bjeqt in a
known and desired position.‘The object is then passed on to the
next station by a Product Trans?er éystem,(PTS) %%thgut losing
its or}entation, and -presents it to_the next FAC in the expected_
_orientation. Therefore, the PTS (see Chaptér 2) can be viewed as

’
general part feeders, but at a higher level. -

General purpose parts feeders often take the form of bins
where the parts are found with arbitrdry orientation and size.
The bins also act a product transfer buffers between FAC’s e

helping in the decoupling of the assembly tasks at each FAC.
4.3 Current Programming Approaches
In robot manipulators, both control and programming are inti-

N
!
y



Cbapter 4: Flexible Manufacturing Cell Désign

P
——

Page 4-24

mately connected and’ cannot be Qonsidered separately. There are
several levels of- robot prqgramﬁing: physical-level.-cogputer
level, guiding level, robot level, and +task level.jControl"pro-
gramming falls under three categories: guiding, motion.or robot- - -

level programming, and goal-oriented 3r5task-level programming.
4.3.1 Physical Level

Physical level programming is the.most primitive levei of
robot programming. Thereiis no actual programming in the conver-
tional sense using computers, but rather a robot control sequenée
‘is setup by an operator (programmer) by, adjusting or fixing limit

switches, stoppers and the like at the correct places in _the

correct sequence. Only simple and limited seguences are possible.

" N
o m\_/’

Of major interest are the programming aspects that 3

4.3.2 Computer Level \\,\

computers, and three main levels of programming can be identi-

fied: guiding, robot level, and task level [LOZA83].

4.3.2.1 Guiding

.

Guiding refers to the control of the individuadl actuators
such that proper positiohing and motion is, done. The.method
iﬁvolves mqnually moving the robot using;; teaching pendant To
each desired position and recording the internal joint coordi-
nates corfesponding to that position. At some of these positions,
oPeraticnsﬁggn'bé specified sqgh as closing a gripper or activa-

- -

ting a welding gun.
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Guiding'is open loop control and is done where a set of
simple actions sequences are performed repeatedly~and no sensing
is done. This type of programming is the simplest to use and
implement and does npt need a general purpose computer nor does
it require skilled personnel. Guiding was the méét widespread
methéd used for many years. This technique resembles that used in
NC machine programming since the seauence of operations are
played back much in the same manner. There is no execution se-
quencé éontrol since there are no loops, conditional statemeﬁtsf
‘or qpmputations péff}ble. It is best suited for spot welding,
sgﬁy painting, and simple materials handlingﬂ;This type of con-
trpl is not appropriate ﬁor flexible aégghbiy since there is no
sensory fegdback upon which to resact. The robots having this type

of control are widely available commercially.

o

An improvement on simple guiding is extended guiding where
some sensory information is féa back to the controller. Sensors
used to determihe the location of objects proviﬁezgnformation so
that robgt—mbtibns can be made relative to the obj§ct's coordi-
nate frame. Taught motions must therefore be specified relative

_to some coordinate frame that can be modified during execution.
By having the robot move until a touch sensor on the end effector
encounters_an object, the coordinate frames can be determined.
Alternately, a machine vision system may provide the coo&dinate‘
frames. Scme extended guiding systems provide additional but
limited control structures such as conditional branching’and
simple procedures with no explicit computational support. Pro-

.

grams or guiding input from a teach-pendant can be specified off-
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line using CAD systems that simulate the motions of the-robot.

. . -

4.3.2.2 Robot Level - - .
!
Robot level programming relates to ‘the positioning. and res-
ponse of mechanical Joints in performance of tasks. In robé%
level progfamming, or motion contrel, explicit commands determine
each robot actibn; it assumes the availability ef;computing
_ resources to calculate the various parameter values needed for
the execution of a specific motion.” These systems can either be
open loop where no sensory information is available, or clased

loop where sensors are used to guide the actions.

Motibn control requires the use of computers and suitabl;
programming languages with commands to acb;ss sensors and to
speéify robot motions. This tyﬁe of programming is also called
explicit programming and requires expert programmers in the de-
sign of sensory based motion strategies. With sensors, robots can

cope with a greater degree of uncertainty in the position of

external objects, thereby incré%sing their }ange of application.

Robot motich control for assembly requires the path of the
end effector to be described. A robot can have, for example, all
motions of the end effector to be straight lines with controlleq

> X - .
acceleration and deceleration, or robot joints could be moved

e

along a trajectory as a coordinated function of time [PAULT7Z2].

In straight line motions, the motions require continual ma-
thematical transformations between cartesian coordinates of the

end effector to Jjoint actuator coordinate in order to provide
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adequate robot control. Therefore a consequence of this require-
ment is that motions must be generated as cartesian fﬁnctions-of
time. Velocities and accelerations may be specified and the robot
is designed to operate at the maximum resulting-joint rates. But
the robot rarely carries out motions requiring maximam joint
rate, and where this does occur it is only for brief periods.
This means that the robot is'always running at less than optimum
performance, .

——_

. . ‘
The coordinated functicn of time joint trajectory approach
r

allows cartesian motion of the hand over small distances and

predictable motions over large distances. The motion is described

" in terms of the same coordinated system in—wihtich the motion

occurs. Hence the robot joints can be jfiven as a function of the

slowest joint rather than as a function of time. This eases the

controlled end effector motion to the1point where it operates at
éhe speed of regular point-to—-point motidné. The scheme described
by Anderson and Paul [PAUL79] can be extended to include devices
such as conveyors or presses or second arm coordinated with the
first arm. This allows time dela&s to be eiiminated [PAULT7S],
[RENATS]. Thig means that coordinaticn signifies that the equiva-
lent relative position of all joints is the same throughout the
motion. This is accomplished by means of microprocessor-based
software-driven cqétrollers {implementing positién-derivatiﬁé)
for each joint whose control signals are generated as a function
of relative pos;tion of the.slowest joint. When the slowest joint
is‘driven at its maxiﬁﬁm speed, coordination is maintained and

time is minimum.
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£~z
There are many robot level programming languages in existence .
ay and they are well surveyed in [BONN82], [BONN83], [LOZA83],
(PETR8E]. ——

4.3.2.3 Task Level

Task level programming refers to the control of th?_gbqle FaAC
required to perform a task or set of tasks in achieving a goal,
such asg assembly. In this sense every goal task-may correspond to
a sequence of motions, which in turn may represent a set of
microsteps such as actuator aetivations, e.g. in the control of a
joint. _

Also Eggan as goal oriented control or world modelling, task
level programming requires that goals be specified for the posi-
tion of objects rather than motions of the robot needed to a-
chieve those goals. This is meant to be completely robot indepen-
dent implyiné‘;ﬁat positions or paths dependent on the robot
geometry or kinematics are not séecified by the user. Complete
geometric_models'of the environment and the robot are required "as
input.

Task level programming languages have been developed to per--

-

hit task specification in terms of operations on the objects
being manipulated in_ the task. The sequence’of robot motions
needed to accomplish the insertion of a peg in a hole are not
specified, rather, the high level task command wquldvsimply‘order

the robot to INSERT PEG IN. HOLE.
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To accomplish this kind of control\é task programmer is
needed to‘transform the task-level specifications into robot
level specifications. This requires that the task prog?ammer have -
éomplete'descriptions of the objects be;;g manipulated, the task
environment, and tﬁe final state to be reached at the complétion
of the task. The task programmer generates a ﬁrogram to achieve
. the desired flnal state when executed ifom the specified initial
state. The task programmer’s ablllty to synthe51ze programs that
reliably achieve goals, depends Qn how wé}% the program can use
inherent capébilit;es such as compliant mq%ion, and perform error
checking. Thus a efficient use of sensors must be mad® in genera-
ting the robot level programs. The task programming aspect is

another major research area where the complete synthesis of the

task programs 1s seeked.

The three main phases of task level programming are: model-
ling, task specification, and robot level program synthesis. Even
though there is much research to be done in goal oriented or task

level programming, most of the robotic research being done -in

" this area relate mostly to motion optimization sand programming

automation. i ‘
L

“4T4 FAC: The Mechanical Eguivalent of a Coﬁguter .

In this‘section, the FAC is shown to be the mechanical equi-
valent of a computer in terms of its fhnciion, igg,elements. and
its operation. Based con these equivalences, it is shown that an
FAC instruction set, consisting of different instruction types

with tq?ir different execution flow, can be defined and used to
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program the FAC. Furthérmore, based “on this instruction set, a
centralized control organization for an FAC is proposed to inte-
gratételements into a coordinated, programmable, and flexible

assembly cell.

4.4.1 Functional Eguivalence

In assembly, objects acquire functional and structural qual;f
ties, and can be thought of as a procéss tha; reduces the sur-
rounding entropy as parts are added. ?he mechanical assembly
tasks performed by a FAC correspond to successive matings of
components and parts resulting in a finished producﬁ'or subassem-
bly. Each mating operation is achieved by having the differedt"
elements of the FAC such as robot arms, fixtures, part feeders
and various sensors (vision, tactile, positional, etc.) perform
primitive-zﬁprations in a well defined coordinated sequence.”
Assembly is therefore a coordinatgd seguence of well defined
aésembly steps to.take components and parts and arrange them into

finished product.

words, the sequence of assembly steps are much like
a sequence of well defined program steps in a computer whose
purpose‘is to arrange data objects into a finished or desired
format. By combaring the sequence of assembly operations with the
sequence of machine language instructions in the execution of a
program, the functional correspondences between a FAC and_%
computer can be observed. This means that a FAC functionally
.corresponds to a computer; components and parts in a FAC corres-

pond to data in a computer.
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4.4.2 Element Correspondence

Since the FAC has a single central control unit its elements

will be associated with those of a simﬁle Von Neumann architec-

| D

A conventional general purpose computer consists of the folL

ture.

lowing gaih subsystens: Ihput/Outpuﬁ subsystem (I/0), Memory
subsys;ems, and the Eentral Précessiﬁé Unit (CPU). Such a compu-
ter executes programs as a sequence of ‘machine language instruc-
"tions (MLI's) that peEform operatiogs on data objects giving .
useful results. A MLI is further decomposea'inpo a coordinated
segquence of microinstructions that contfol the elements of a

computer such that the overall system behavior results in the

eéxecution of the specific MLI.

Ay

The memory subsystem of a computer consists of main memory
and secoq@ary memory. In malin memory, data and programs are
- - .
stored. Mass memory is more of an archival storage area where
‘data and programs are simply stored for later retrieval. In a

FAC, components and parts used in the assembly correspond to

stored data used in a computer. Preorganized components in an FAC

are equivalent to a memory syStem;_component selectdon is made by

using its known position similar to addressing dafa in a compu-

ter. For unorganized components a sensory system m be used to
find and identify objects, their position and orientation, just
as -associative memory is used in a computer to search and extract

data f%om a data space. In a FAC the control sequence, the pro-

gram, is stored separately as in a Harvard type computer
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{KRIES8Q]. There 'is no direct equ%valence to sqcondary memory.

'The CPU in a computer is the element that controls program

execution and that manipulates data. A CPU usually consists of

several subsys%ffkﬁiements as shown in Figure 4-5:

An Aritﬁmetic-Logic énit (ALU) where all low level data
manipulations areﬁdone; the corre;pondiné FAC element is the
rchot manipulato?jcombined with tﬂ:)end effector; component
mating operationé done by tﬁe roéot arm correspond to data
manipulations performed by an ALU; -

An accumulator where data can be temporarily storéd during
ﬁrog}am executiopi the corresponding FAC element is the as-
sembly fixture;

the statusrof an instruction executiornr is held in a special
register called the Processor'status Word (PSW). In a FAC,
execution status is provided by a sensory system;

A central control unit from which all control and coordina-
tion of computer elements emanate. Control is achieved by
decoding instructions and issuing control signals in a well
defihed sequence to the other subsystems and elements; the
sequence of control“signals are themselves microsteps or
microinstructions that instruct the subsystem elements to
perform low-level operations and the sum of low-level opera-
tions results in the desired effect asfﬁdld by the instruc-

tion. The equivalent FAC element is the central coordinator

which controls all other elemenps.

The I/O subsystem provides the computer with communication

0N
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channels to and from the external world. In a FAC, part feeders
are input devices while output bins with vgrious conveyor systems

—

correspond to outputs.

N |
——— ' . .
4.4.3 Operational Eguivalencé“““nxx\\\\\\

The FAC operational equivalence to a éomputer can be identi-

fied by considering the necessary operations needed in the execu-

tion of a FAC assembly instruction.

At the simplest level, a FAC receives assembly instructions
that are executed ‘blindly’ withouty,checks or decisions. All

robot actions executed at this level can be expressed in terms of

the following types of instructions: -
MOVE instructions: MOVE <DEST><0OBJECT>
ONE OPERAND instructions: OPERATION <OBJECT> x

TWO OPERAND instructions: OPERATION <OBJECT-1><OBJECT-2>

where <OBJECT>, <0BJECT-1> and <0OBJECT-2> identify the object to
-be moved by the MOVE instruction, or operated upon by the
QPERATION instruction, and <DEST> defines where the object is to

be moved.- -

In a computer, these types of instructions are used in the
evaluation of expressions. It should be noted that in assembly,

the data is always constant or fixed while in a computer, dif-

ferent results are obtained depending on the data.

The nature of component assembly is sequential with no inhe-
- - - ’ ) » . " -
rent need for alteérnative execution paths. This is different with

respect to a computer program where many decisions are inyolved

%
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in the execution of an algofithm. General purpose programs are
executed on different data 3%9 so0 computer programs make deci-__ :

sions on variable data.

\

In a FAC, if all goes well during an assembly process, there
is no need for decision. But because of ‘large’ error potential
during asiembly, most FAC’s must include a sensory system and fhe
FAC must be provided with appropriate decision capability s0 that
the execlUtion process can be modified in case of error. In a FAC,
déqisions must be made with respect -to imprope; o¥ erroneous
operation execution of the desired instruction. Moreover, an
‘assembly’ prog;am deals only with identical and unchanging datg
(objects).lAny change detected is ponsidered a fault and mﬁst be
handled as such. Thisrﬁéans that_gyery operation to be done on
objects in the assembly of a product must be verified. This mode
of instrugtion execution contrasts with that of a computer where
checking operﬁtions are performed as separate instructions in the

execution of a program.

This‘is what ﬁakes FAC program execution different to program
execution in a general purpose computer. Errors such as missing
components, faulty component, collisions, inacc;rate positioning,
etc., must be handled reliably to permit, as much as possible,

ﬁ;bntinuous production in an FMS.

To properly control the execution flow in the case of error,

the following enhancement to the CLI’s must be made:

<INSTROCTION><ERROR ACTIONS>
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This modification is needed to allow the proper error infor;
mgtion to be returned to the coﬁtroller and to specify the speci-
fic alternate paths in case of error. Since each instruction
consists of several microsteps executed by the elements in a FAC,
and since a failure in the instruction c¢an occur at any of its
microsteps, efdch instruction must include a multi-branch checking
function to establish exactly at which point the instrug;ion
failed, which microstep primitive failed, and tq_detérmine_what
recovery) procedure must be executed t¢ handle an error at this
point. In this sense, each instruction of a FAC must be realized

by a functional programming approach.

A concrete explanation of FAC functional programming approach
can be shbwn by the following example. Since an instruction is a
well defined sequence of microsteps, this instruction can be

represented in the following way;
function INST( Al, A2, ... , Ai, ... , An ): STATUS;

where each input parameter Aj to the function INéT is an assembly
primitive and the return value is status information indicating
the function INST’s execution status. This return value is used
to determine the appropriate recovery éction by decoding its
value and branching to a specific recovery procedure. Recovery
procedures in a FAC can take many forms: retry operation;
postpone the present step and go on to the following step; pei-
form a specific recovery operétion sequence; perform an alternate

operation; stop all work in the FAC and request for assistance;
»

or sound an alarm; etc.
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This functianal representation corresponds to a computer
programﬁ;ng language software function whose paramefers are pro-
cedures and the return value is, let us say, an integer. The
return value is ﬁhen decoded to determine the next step in the
program. This type of programming convention is often used in
complex computer programs to indicate different problems in the
execution ;f the function by encoding the func%ion's return value
appropfiately. In this way the status of the operation can;be

verified by checking the return value of the function.

-

For example, a return value of zero often indicates that the
- -
function was executed properly and execution can go on normally

to the next step; a non-zero valug is used to indicate the type
of problem met dufzgé‘its execution. A multi-branch conditional
“¢heck (e.g. case statement in Paséali_on the returned wvalue is
often done‘to determine the type of error encountered. The pro-
gram execution then follows the appropriate branch path where

error handling steps are taken:

case INST( Al, A2, ... , Ai, ... , An ) of 1

{NON-ZERO function return value}

1: Perform recovery process Pj;
2: Perform recovery process Pk;

i: Perform recovery process Pm;

n: Perform recovery process Pq;

end; {case} : -

—

{2ERC function return value: perform the next step}

- .
|8
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In a high level FAC, this type of processing, i.e. multdiple
branc? conditional chgcking, m?st be performed for ;very assembly
step in order to determine if the opération wéé-succeséfﬁl and,
if not, to perform the appropriate recovery procedure. Since the

recovery processes must be specified for each microstep of an

instruction, this approach is cumbersome and should be automated.

4.5 Modular FAC Architecture

Y

In order to coordinate differeﬂt FAC elements in the perfor-
mance of' an assembly process, meaninéful control of the elgmehts
must be kept in such a way that-the assembly aetivity can be
executed in a well defined and ordered manner. Based én the shown
eqﬁivalence between the FAC and a computer, the following cen-
trally controlled or coordinated FAC architecture is proposed. It
'is based on Segmented Microprogramming, a technigque that can be
used to design special purposé VLSI processors [VAIL8Z2],[PICHB4].
It is shown to be modular in its design allowing independent FAC
elements and their controllérs to be integrated in a straight

forward way into & single FAC.

4.5.1 Centrally Coordinated Modular Desigé of a FAC

.
Pl
-

FAC elements are usually not designed and implemented by
users. Instead, FAC elements and their controllers are purchased

as finished products from suppliers. Users are often restricted

1

in the ch@ice of elements that can be used because these elements
|

-

/ ’ .
must_gomehow be integrated into a single FAC to execute assembly

-

activities.
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“This FAC design problem is often partially or temporarily
avoidedvhsing ‘compat}ble’ h;rdware, usually from a single manu-
facturer. As a rulé the main FAC element, often the robot manipu-
lator, determines which other elements can be uséd with it in a
FAC. This could potentially limit théﬂfreedom of ﬁhe user in_
designing an FAC for a new application because element h?rdware
from o;her sources may not be compatible. When adépting the

‘family’ approach, users are often forced to wait for the sup-

plier to provide them with the needed elements.

The use of a ‘family’ of FAC elements from a single supplier

or source ma&_have the advantage of compatible elements. This is
acceptable in single station {(or work cell) systems or at most in
systems consistiﬂg of a few FAC's. On the other hand, for sﬁall
production run FAS’'s (FMS's) that manufacture a:wide_range of
products in limited cuantities, this approach can lead to strong
dependence upon the element supplier and the supplier3s sche-
dules. Specific needs may ndt be met by the supplier and users
may be forced to compromise and rethink their product manufac-
turing approach.:The choice of a “family’' of elements often
involves engineering and economic tradeoffs that may have little
or nothing to do with the assembly activities to be performed.
The use of out-dated or inappropriate“family’ elements may léad.
to restricted flexibility and restricted range of applications of
the final FAC and many types of assembly activities may not be

possible.

To avoid heavy dependence, FMS designers must be able to

choose the best hardware .available from other sources that can
\—-\/ - -
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meet the new requirements. True FMS realization can only be

achieved if FMS designers are allowed fhis fleiibility.'Several

‘incompatible’ elements from potentia}ly'different sources must
LY

be made To integrate well to form a single functional and working

FAC that executes the needed assepbly activities..hlsé, integra-

F

tion of the needed elements must be made possible without incur-
ring major cost% in implementation and programming of the whole
FAC for every product change-over. An FAC coordinator architec-<f/3

ture must allow integration.

4.5,2 Coordinator Architecture

»
i

The coordinator architecture must ;étisfy the following cri-

At

teria: \ o

1: it must allow the straightforward integration of elements and
their controllers from different sources;

2: it must accommodate a wide range of elements of varied so- = -

Y rhistication necessary to the exz=tution of the FAC activi-

ties;

3: it must keep the cost‘of integration low; .

4: it must help designers use existing or available elements and
avoid inv%pting new ones as mucﬂ as poss%ple, because of the
cost of development of FAC elements (robots, sensor systems,
etc.) is extremely high (at this time) for any manufacturer
regardleé} of production runs sizes; '

5: it must allow the FAC designer to use the autonomy of "pro-
gramming of the selected elements, since each element can be

unique in the range and applications it can perform, and its

\
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prégramming is likely to be based on specificfkharacterls ﬁ

LY

tics; ' o - \
6: it must permit the separacion of coordination from direct
element control to allow failures to be resolved or dealt

with as a separate problem;

To\g:?e the elements work together as one, the chosen ele-

ments ¢ best be integrated by a centralized controller-coordi-

nator. A centralized coordinator architecture can conveniently
interpret CLI's to issue element commands {microsteps) to the

element controllers in the proper sequence and keep track of the
t

progress of their execution and take approprlate actions upon the

detection of failure situations. ' ) °

Te maihtain modularity of the FAC, the central coordinator

must be able to communicate with the FAC elements throughmé

commeon or sténdardized interface and communication protocol. With
an interface, elements execute received microinstructions or
commands and return status and other informaﬁion to the central
COOf//pator With this lnformatlon the central coordinator can

determlne the next step in the dﬁgcutlon of a FAC CLI program.
AN

Each element is likely to have its own programmable control-
ler. Ev;ry FAC microinstruction is implemented as an element
subprogram. Upon receiving a coo¥dinator command, the appropriate
element subprogram is executed. Since an FAC CLI is a set of
microinstructions executed in a specific sequence, and since each

microinstruction is implemented as a separate element subprogram,
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element progrémming can be done separately from'the integration
and cdordination aspects. Integration is done through‘proper CLI
tfanslation and the standard igﬁerface. and coordination is
achieved through the proper sequencing of miéroinstructions to
the necéssary FAC elements that implement the CLI. The proposed
architecture is based on a segmented microproéramﬁed architecture
for computer design‘[VAILBZJ, [PICH84]. A functional aiagram of
the centrally coordinated FAC architecture is shown in Figure

4-6.

This F?E\Efchitecture can execute a sequence of CLI's and
consists of the'following subelements: an CLI decoder or interpre‘
ter unit, a CLI sequence unit, a command sequence unit, an ele-

ment interface control untt per element, and the FAC elements and

=

their controllers.

The coordinator's function is to coordinate the execution of
CL instructions of an assembly activity by interpreting CLI's,

issuing appropriate element commands to the FAC slement control-

-

lers in the needed sequence, analyzing element responses, to

determine and take the next action. fs-;his way, the FAC coordi-
nator coor@fﬁgégs éll the FAC elements, in the-completion of the
assembly activiaty through the executiog of Cell Level Instruc-

tions (CLI). To achieve this goal, the coordinator must pérform

several duties:

1: it must translate the CLI’s into microinstructions {(commands,
subprograms calls) that each element understands;

'2: it must transmit the microinstruction to the appropriate

hY
~ elements;

Al
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’ o

3: it must transmit the mic}oinstructions in the proper
sequence; —

4: it must resolve failures, temporary or permaﬂent,-such that
as much assembly as possible can take place and make error
recovery possible;

5: it must communicate with the other FAC’s in the FMS to pro-

‘vide forifotal system contrel and coordination. — -

Some of the attributes that favor the proposed centrally

coordinated architecture are:
’ »

1: allows_the separate programming of the FAC'elements-befores
integration since CLI's define a set of microfnstrucéions
which define the set of sﬁsprograms that must be implemented
for every element;

2: allows the FAC desigmer to use the appropriéﬁe elements in
the needed numbers to implement the needed assembly-activity;

3: redesign and sétup costs are reduced since subprograms which
implement microinstructions formerly used in the realization
of otﬁef CLI's can be reused with little of no modifichtion;
this resembles the gains of group technology found in machi-
ning activities as well as those of segmented microprogram-
ming [PICH84]; — ' |

4: lower complexity of central coordinator;

5: reduces the need to develop in-house FAC elements;

6: lowers overall design cost;
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Some of the‘drawbacﬁs of the centrally control}ed coordinator
are:
1: the need to design an interface for each new element in the
FAC;
2: the central coordinator potentially adds another layer of

' R . .
control hardware and software which may increase complexity;

A CL program consists of a segquence of CL instructions. The
' CL program implements the FAC activ;;y. A FAC coordinator con--

-~
sisting of several-subunits
i

-

is able to execute CL programs by the

~

w —

. following process:

1: thf CLI sequencer fetches a CLIIinstruction of a CLI program,;

2: the CLI is translated by a CLI interpreter into element
commapds sent to the element interface controllers and an
execution seguence is selected in the command sequence éon-
.troller;

3: the CLI sequencer initiates the command sequence controller;

4: the commahd sequence controiler enables interfaﬁe units in
the required sequence to execute the element coﬁ%ands;

5: Jj?e interface units translate the element command into se-
quences of command primitives implementing it;

6: the elemenﬁ controllers instruct the element to perform the

sequence of command primitives;

This proceis is analogous to the decoding of an instruction
in a computer by a CPJ into a sequence oi microinstructions

issued to subsystep microcontrollers in a computer. The microcon-

-

kY

trollers in turn issue control signais (nanoinstructions) to
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.

their subsystem elements in the execution of a microinstruction.

4.5.2.1 CLI Sequencer

-

fhe function of the CLI sequencer is to fetch CLI’'s . from the
stored sequence of CﬂI’s iﬂ program storage, and send them to the
CLI interpreter. It also extract needed execution data from the
local data stores and makes it availaﬁle during the CLI's execu-
tion. The CLI segquencer controls the executicn of the CLI program
and makes decisions about the executing activity. The’CLI sequen-

P

cer starts the execution of the CL instruction by initiating the
sequence controller. It fherefore acts as a CLI program monitor

that deals with each CLI’s execution progress and takes the

appropriate action when ‘abnormal’ situations arise.

4.5.2.2 CLI Interpreter

=== N
The CLI interpreter translates the fetched instruction'into

element commands (subprogram calls or start addresses) for each

element and sends them to the eledfents through their interfgce

S

Kal
control unit. The CLI interpreter also sets up the command se-

quence contreoller so that the appropriate command segquence will

be used. S

P

4.5.2.3 Command Segquence Controller

The command sequence controller contains a set of different °
command sequences that coordipate the execution of thé commands
sent to the different elements. It sends start up signals to the
interface units at the proper time and waits for responses'from‘

. . ]
the interface concerning the elem;ﬁt command being executed. If
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. -

the command sequence controller detects an erroneous response
- from an interface controller, lt informs thf\bLI sequencer which

decides on the next step in the assembly activity.
....'\,r——'\.../

4.5.2.4 FAC Data Memory Qg;ﬁ///”#ﬁ-'

in the FAC data memory unit is a local_data-base containing

data required during the execution of CLI's. These data;are
accessed through ad Interface unit, under the control of the
comm%hd seqﬁence controller and are-sent to the appropriate
ele%;nt controilers v%? the‘element interface units.

4]@.255 FAC Program Memory Unit

In'the/EéQ*program memory unit is found the FAC CL program.

The CL instructions are fetched by the CLI sequencer and brought

to the CLI interpreter for translation.

4.5.2.6 Interface Units

The interface units accept element commands from the CLI
interpreter. Upon ﬁhe reception‘of the enable signal from the
command sequence controller, the element command is translated
into command primitives. Each command primitive is sent-to the
element congloller. Information is re?urnéd to the command se-
quence contro}%er describing the status of the command.execution.

The interface units are analogous to subsystem microcontrollers

in a computer which generate a sequence of nanoinstructions.
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4.5.2.7 Element Controllers

-

" At the lowest control level of a FAC, each element is con-.
trolled by its own controller Each command prlmltlve is executed
by the element controller by issuing sequences of low level
control signals to the element'e controlled devices. This process
is similar to nanocontroIiers in a computer that issue contrgl
signals to their subsystem elemen@ in the executien of a nano?

instruction.

Sp—
-

The FAT element controllers accept the transmitted primitive
commands and initiate their execution; feedback information en
the progress or success of the primitive commands ié returned to
tﬁe interface unit. Execution informatiocn may also be sent direc-
tly to.another'FAC element coéntroller under control of the com-
mend‘sequence unit in cases where this information, such as
prosition data as found by a vision system and senp to the robot
controller, is needed by elements to execute the primf%ive com=

mand.

4.6 FAC Programming .

Given the FAC architecture proposed above, the problem of

_integrating the functional aspects of the FAC can be done through

a matched”suitable programming paradigm.

-

4.6.1 Cell Level Language

In line with the above, an assembly activity is a sequence of
Cell Level Instructlons (CLI's) and are executed by a FAC in a

similar way a program consisting of Machine Language Instruc-

L 4



"

Chapte

r 4: Flexible Manufacturing Cell Design

{__ Page 4-49

tions’'s (MLI's) is executed by a computer. The Cell Language

corresponds to a task level language in the robotics literature

[GROO83][HUTCB4]. By defining a CLI set, FAC designers can ‘pro-

-

gram’ the FAC's assembly activity at a high level early in the

design of the FAC without being hampered by“léw level details.

New CLI's could be created from new element commands. In time, a

large and properly defined set of CLI’s could be developed. These

would then be used in implementing new FAC activities more

quickl

4.6.1.

v, further reducing FAC programming time, effort, and cost.

1 Cell Level Instruction Set and Format

To show that an assembly activity can be described in terms

©. of CL

instructions, the assembly of a toy doll’s head is presen~

ted. The task at hand is the successful mating of the doll’s

eyes,

nose, and mouth t¢ the head. In this example,

the mating is

done by gluing the parts obtained from feeders to the head. The

FAC elements also include a robot arm, a fixture, and an output

bin. The robot arm can grab all the parts including a glue dis-

penser. The workspace is defined as the work envelope of the

robot arm. The assembly of the head can be specified in_the

following set of task level commands:

PLACE
PLACE
PLACE
PLACE
PLACE
PLACE
PLACE
PLACE
PLACE
PLACE

HEAD IN FIXTURE

GLUE AT LEFT EYE POSITION

GLUE AT RIGHT EYE POSITION

GLUE AT NOSE POSITION

GLUE ‘AT MOUTH POSITION —
LEFT EYE AT LEFT EYE POSITION
RIGHT EYE AT RIGET EYE POSITION
NOSE AT NOSE POSITION

MOUTHE AT MOUTH POSITION

HEAD IN OUT BIN

J
¢
~—
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To emphasize the machine language flavor of the CL instruc-

A -
N 1\ .

tions, the above assembly activity can be rewritten in a pseudo-

machine language form, highlighting the operations and operands

of the instructions, as:

MOVE FIXTURE, HEAD .
PUT_GLUE LEFT EYE POSITION

PUT_GLUE RIGHT EYE POSITION

PUT_GLUE- NOSE POSITION

PUT_GLUE - MOUTH POSITION

MOVE LEFT EYE POSITION, LEFT EYE

MOVE RIGHT EYE POSITION, RIGHT EYE ~y
MOVE NOSE POSITION, NOSE

MOVE MOUTH POSITION, MOUTH

MOVE QUTBIN, HEAD

The CL instruction can be divided into fields. The first
field of the instruction definés the operation to be performed;
the seéondjand third fields define either operands (objects) or

addresses (locations).

To allow for failure handling, the CL instruction format must
include a failure actions field to define the selected set of

corrective actions to be performed in the detection of failures.

i OPCODE | OPERANDS ; FAILURE ACTIONS FIELD |

pm——————— to————————— e - +
Cell Level Instruction Format

-

4.6.1.2 Cell Level Instruction Execution

These instructions must be translated intoc the appropriate
sequence of primitive commands. To show this, the following

instructions are be expanded as follows:

l. ﬂ

> o
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MOVE FIXTORE, HEAD
SENSORS: CHECK FIXTURE : . -
SENSORS : CHECK  HEAD PRESENCE :

- * ROBOT: MOVE END EFFECTOR TO HEAD |
ROBOT: GRAB HEAD WITH END EFFECTOR |
SENSORS: - CHEGK—"  FORCE OF HEAD GRAB, o
ROBOT: MOVE END-EFFECTOR TO FIXTURE -
ROBOT: PUSH STRAIGHT HEAD ONTO FIXTURE
SENSORS:: CHECK.  FORCE OF HEAD PUSH
ROBOT: RELEASE  BEAD . |
SENSORS: °  CHECK HEAD IN FIXTURE
PUT_GLUE NOSE POSITION, -NOSE

| f
SENSORS: s CHECK GLUE-DISPENSER
ROBOT: MOVE END-EFFECTOR TO G-D POS.
ROBOT: GRAB G-D WITH END-EFFECTOR

. SENSORS:  CHECK - FORCE OF G-D GRAB
ROBOT: - MOVE TO HEAD IN FIXTURE POS.
APPLICATOR: ACTIVATE GLUE-DISPENSER
APPLICATOR: DEACTIVATE  GLUE-DISPENSER
ROBOT: MOVE END-EFFECTOR TO G-D POS.
ROBOT: PUSH STRAIGHT G-D ONTO G-D POSITION :
SENSORS:  CHECK FORCE OF G-D PUSH
&T: RELEASE GLUE-DISPENSER
SENSORS: CHECK GLUE-DISPENSER

The set of element commands can be readily defined. Also, the

command sequence can be determined easily.

4.8.1.3 Error Processing

In assembly, the primitive command executions may be un-
successful, and thege sitﬁation must be properly handled. This
can be -done by performing specific failure strategies such as
retrying failed assembly procedures to allow for as much assembly
as possibie, or sending alarm signals to the controlling system
or requesting further ;ction from another control level above.
Assembly failures may consist of missing parts in the feeders,

..detection of broken or unfit parts, and the detection of unsuc-
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&)
.cessful mating actions. QOther types of failures involve more

system oriented aspects such as timeouts, system abort condi-

tions. - . C/wy

4.6.2 FAC CL Program Structure

To complete the prog;gmming aspect of a FAC a CL program must
include three section: the DEFINITION (declare) section where
part‘ibcations and/or characteristics are defined, the ASSEMBLY
section where the assembly sequence is descriﬁed with CL ing?ruc-

tions. The last section can be defined as the FAILURE section

where the alternative actions are defined. -

o e — . e — - —————— +
: FAC PROGRAM Vo
! L e e e L L L L LTt + '

! ! DECLARE or DEFINITION SECTION ! :

; et L L P + !

I e e L + —
: ; ASSEMBLY SECTION : '.
' Rt ittt T T T PR + ;

! Fmm e = + '

' : FAILURE SECTION : ;

! e et + '
P e +

The gppropriateness that each FAC can be considered as a set
of interacting elements wés showni. From the coordination point of
view they c?n be considered as driven entities.. In this case
there can be a number of conditions that must be appropriately

addressed. These are:

the task is not applicable

| ot

2: the proper conditions for execution are not present

et

failures dqtected during execution of a task ~
A
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- 4.7 Conclusion

In this chapter, it was-shown that a FAC is the mechanical
equivalent of a digital computer and implies the following three
7aspects. Firstly, a FAC can be coﬁst;ucted from independent
elements that are coordinated by a central controller. This
modularity of a FAC allows the reérganizatipn of its elements to
_ meet_specific needs. The central controller is reprogragméd for
every'specific need much like. a microprogrammed controller of a
computer is reprogrammed to implements a new or enhanced machine
language instruction set [VAILBZ],{P£0H84]. Secondly, the FAC can
be reprogrammed in an assembly like. language (CL) to execute The
varicus production steps. This means that the manufacturing engi-

neer can use available assembly language programming techniques

to describe the product assembly to be executed by -the FAC.

Since there is conceptually no major difference between a FAC
and .a AMC, AMC’s can also be shown to be mechanically equivalent
to a computer. Therefore the methodology proposed in this chap-
ter which integrates the required elements into a coordinated FAC

apply equally to AMC’s_and to FMC’s ih general.

-~
\
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Chapter 5

; Integrating FMC’s Into a EMS

5.1 Introduction o

The purpose of this chapter is to show that Process Activity
Diagr&ms (PAD) can be used as a spééification tool of the manu-
facturing process in terms .of manufacturing activities, and as a
design tool for organizing and coordinating Flexible Manufac-
turing Cells thaf> execute the required activities of a Flexible

Manufacturing System.

—

In the previous chapter, a FMC was shown to be equivalent to
a computer: Baséd.upon thils equivalence, a FMS cén be considered
as eguivalent to a multip;ocessor system and that it caﬁ be
designed and implemented in the same manner as that of a multiple

Processor system.

i —

The major problem in the design of a FMS is the full and

coherent specification of the overall manufacturing process in
. .

terms of sepafable manufacturing activities and the required

-

coordination. The FMS désign process must also take into conside-
ration, change-over (or retooling) costs incurred when a new

. .
product is to be manufactured. Therefore, when designing a FMS,

the manufacturing engineer must execute the following steps:
. - &

- : £

1l: describe in detail the whole manufacturing proc¢ess in terms

of a coordinated set of activittes;
2: map the required activities onto FMC’s;
o



Chapter 5: Integrating FMC’s Into a FMS : Page 5-3~

LY

3: identify the set of resources needed in each MC to implement
its activity (or activities);

4: reprogram, and if needed, reorgahize the FMC’s to execute the
required activities; |

5: Reprogram the transfer system to exgcute the various produc-

tion steps-ih the requi;ed seguence.
.

There are few tools availablé to the‘manufactufing engineer
to aid in pefforming the above steps and therefore there is a
need f&r highly trained sbecialists. Not only do these séecia*
iists represent a major investiment and dependence for the manu-

facturer, but in general they are in short supply [TRUX83].

Therefore, to provide flexible manufacturing at acceptable

- costs particularly in the cases of small and medium production
runs, it is important to develop easy to use design‘tqgis fhat
allow quick and orderly producﬁion reconfiguration, reto&ling and
reprogramming. Process activity diagrams (PAD’'s) originally de-
veloped for the design of real-time multiple processor systems

[JOANB6] have the potential of being such a tool.

5.2 PAD's: Process Activity Diagrams as a Tool for FAS Design

Process Activity Diagrams, PAD’S, are a graphical tool used
for the'specification and design of event-driven multiple micro-
processors systems that must respond to discrete events that
cccur in the epvironment [JOAN8B][KRIE87]. In these systems,
PAD’s are used to represent the sequencing and timing relation-
ships between the‘;grious activities of an event driven system.

As it was shown that FMC's are the mechanical equivalent to a
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computer, it should be possible to apply PAD’s to specify and

design FMS's consisting of multiple FMC's.

PAD's consist of two componenﬁs: Activity Sequence‘Netwbrks
(ASN's) which are modified f;ow diagrams used to indicate the’
sequencing reléiioﬂs,'and Activity Timing Charts (ATC's) that
indicate timing requirements and are similar to GANTT charts.
[CHAS81]. The ASN is defined as a structured construct allowing
the manufacturing engineer to capture‘the reguired manufacturing
activities at a hiéh level, and to subdivide them by successive
refinement into basic manufa?turing activities directly execu-

L

table by FAG's. A manufacturing_activ@ty is a meaningful sequence

of Cell Level Instructions (CLI) which when Started, can be

executed from beginning to end without waiting for additional
data or objects'frpm other activities. The execution sequence of‘

activities is determined by the data and object dependencies that

may gxist between activities within an manufacturing process

implemented by the FAS. The ATC’'s spec;fy the-timing requirements
6f the various activities and can be used in assigning available
resources to execute activities in order to avoid‘bottlgnecks.
\

Any manufacturing process can be specified at various levels

Fi
of abstraction or description. For example, in the assembly of a
toy doll, the complete doll assembly can be specified at the |,
highest level, with one activity, as simply ASSEMBLE DOLL. This

level of description does not provide any depail about the assem-

"bly process for the doll. The next level 6f‘description could

specify the assembly 6f the head and torsc of the doll in sepa-

rate activities as shown in Figure 5-1. This level still contains
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HEAD ASSEMBLY

\

LIMB ASSEMBLY /

DOLL ASSEMBLY

Figure 5-1. Doll Assembly:

FLEXIBLE M. g

MANUFACTURING - N M .
SYSTEM ASSEMBLY  SUBASSEMBLY

i . -

Figure 5-2. Lev;ls of FMS Specification.
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very little .information on the assembly process, but it does’
indicatelthat the assembly process can be performed in éeparate
and potentially concurrent acpi;ities; one to assemble phe‘head,;
and another to assehﬁle the torso. Finalhassemle is achieved by

executing the last activity of assembling the doll using the

torso and head.

Thég;hz;vels of abstractions may be refined to the lowest
level, that of the primitive manufacturing commands outiined in
the previous chapter. Such a description carries an enormous-
amount of information on the manufacturing process itself; how-
ever, it is of little use when the overall FMS is beiné planned.
For this reason; in terms of FMS's, the lowest useful level is
that of manufacturing activities e&eé;table'by a single Flexible
Manufactgfggg Cell (FMﬁ). The breakdown of manufacpgring‘proces-
ses 1is sﬁo;n in Figure 5-2. ' ‘ . ’ L

‘The seéqucé'Bf activities df a manufacturing process can be
described_by Acﬁi;i%y Sequence Networks (ASN's) consisting of a
number of nodes (circles), connected éy directed ares (an arc is
a line with one érrow) called triggers. ASN's are defined in
terﬁs of nine types of nodes and twé types of triggers. They are
used to represent ali activity seguences énd theilr assoclated
control and data flow. The nine nodes are: ACTIV&TY INITIATOR .
node, END node, BRANCH node, MERGE node, WAIT node, GATE node,
TIMER/COUNTEﬁ node, MESSAGE node, and ABORT pode. The two t;pes

of triggers are INTERNAL triggers, and EXTERNAL triggers.

The varioué.nodes.allow for the description of concurrent



-
- -

Chapter 5: Integrating FMC’s Into a FMS ) Page 5-6

execution of activities, the selection éf different activity
sequences depending on one or more conditions, timeouts, suspen-
sion of execuf;on,'etc. An ASN is said to be initially in the
DORMANT mode until it is put in the AWAKENED mode by its starting
event. When it is terminated, it is said tosbe back into-thé

DORMANT mode. - .

5.2.1 Elements of PAD’s

Thg basic node is the ACTIVITY INITIATOR node shown in Figure
5-3. It is the énly node of an ASN that deals di;ectly with the
eﬁecution of activities. Thé activity Ai associated with the node
is defined by an arc leaving its cen%er and pointing to its name.
Inpgi triégers are said to be activated when the conditions they
represent are satisf;ed. These conditions may redape to_the
dvailability of the data and/or objects requireq/étr the activity
to execute, or may represent control inf;rmatioﬁ such as prece-
.dence relationships between activities not based on data and

‘objects. The activity can only be started when all input triggérs

are activated. The initiation of the activity results in the

<

resetting of the node‘zz/;pmget allﬁ;ést triggers. When tﬁé‘

activity terminates, a the ncde’s cutput triggers are acti-

-
- -

vated.

A TIMING BAR can be associated with every activity whose
length is pfoportional to the execution time. of tﬁé activity. The
TIMING BAR may be further broken down into three distinct inter-
vals: input data and/or object transfer time, actual activity

execution time, and cuitput data and/orlobjeci transfer time.
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During early des;gn stages. tlme bounds or estlmates may be used
because these tlmes may be undeflned Even so, the execution tlme
of an act1v1ty may not be fixed becausémof the lts (data) obJect
dependenc1es In-thls case,-ave;age or worst-case activity execu-

tion times must be used.

There are two types of.triggers}‘iﬂiérnal triggers and exter-
nal triggers.'lnternal triggersﬁaré‘geﬁéfated by either the
completion of some activity or by the §cc£frence of some condi-
tion and originate and end within the ﬁétwork. For example, the
completion of an activity'is an internal event represented by the
activation of the cutput triggers fiom.the activity initiator
. node. In general, each event has infofmatioﬁ assoclated with it.
External triggers are generated as!é result of conditions exter-
nai to the process and are represented by arcs with no node at
their origin bgt a label identifying{thé ex?ernal event (see

Figure 5-4).

If the éequencing rela%ipnships do not includg‘any decisions,
then onl} activity initiator nodes are needed in the ASN as shown
in Figure 5-4..To represent more complex sequences of activii}%s,
additional nodes are introduced. These are the END, BRANCH, /
MERGE, WAIT, GATE, E&MER/COUNTER, MESSAGE, and ABORT shown in

Figure 5-5.

The END node is identified by @ circle with an ‘E’ inside and
is used to indicate the termination ppint of an ASN. When all its
input triggers are activated, all the nodes of the ASN are reset,

and the ASN is said to be in the DORMANT mdde. This is the only
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ACTIVITY EXECUTION TIME

e A NN ////////////////////,\\\\\

/

INFORMATION TRANSFER TIMES -

TRIGGERS

" ACTIVITY TIMING BAR

Flgure 5-3. Act1v1tv Initiator Node

With Timing Bar.

Flgure 5-4. A;ﬁ\lex QQQ;;;L;QE Of Activity Initiator Nodes
With Internal and Extermal Triggers.
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Figure 5-5. ASN Nodes.
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L
node that has no output triggers.

r

The BRANCH node is identified by a circle with a ‘B’ inside
a?d an ellip;e-with the condition for branching described inside.
BRANCH nodes permit ASN’s to represent selection of various
activity sequences depending on the condition iﬁaicgted'in the
associate& ellipse. 1t operates as follows: when all its input
triggers are .active, a conditibn variablé'is_examined and qnly

those 6utput triggers corresponding to the condition are acti-

vated and the node is reset to forget all past input triggers.

The MERGE node is identified by a circle with an ‘M’ inside.
A MERGE node activates iﬁs output triggers when any one of its
inpu£ triggers is activated.f;his allows, among other uses, the
merging of various paths of the branch node and the implementa-
tion of feedback paths. The MERGE, node does not need tc remember
the activaticn of its input triggers since it immedi;tely takes
action when any one of i£§ input triggers is activated. This is
the only OR type node'in ﬁSN’s, while all others are AND type,

i.e. all their input triggers must have been activated for an

action to occur.
N )

The WAIT node is defined as a circle with a ‘W’ inside. A
WAIT node only allows the Jjoining of concurrent paths without
executing an activity. It can be considered as an activity ini-
tiator node without an activity. It simply waits for all input
triggers before activating its outpu% triggers. 1t is often used

as an editing convenience to ‘clean up' ASN’s by reducing the

number of arcs in the network.
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The GATE nodé is defined as a circle with a ‘G’ inside, with
a small light Square ana a small filled square on the ocutside
Periphery of the circle. The GATE node is an ASN nodé used to
block the propagation of triggers under certain conditions. i
Beyond the usual input and output triggers, it also has one
enable input, represented by the light square, and one disable
input, représented by the filled square. The GATE node is ini-
tially in the diaabled séate. When the GATE node repeivgs a
trigger on its enable input, it is put in the enabled state and
it acts.like a WAIT nodé: it will remember its input triggers,
and will issue outpu£ triggers only wheﬂ all input triégers have
been actiyatedu When the ocutput ér@ggerg are issued. it puts
itself in the disabled state. If the disaple input is activated
when the gate is in the enégied staﬁe, it forgets all past input
-triggers and is put in the disabled state. In the disable state,

the GATE node ignores all inputs except the enable input.

v -

The TIMER/COUNTER node is the most complex nodé and consists
of a c{fcle with-a ‘T’ or *C’ inside, a light séuare and a filled
square on the circle periphery, and an ellipse connected to the
circle by a’directed arc (not a trigger). It also has.one enab;e
input and one disable input, but can only have one input trigger.
The n&de is initially put in the.disabled state and is therefore
non-operational. When it is put in the enabled state, a start-up
value, represented by the counter variable value defined inside
in the ellipse, is entered in a ‘counter register’. Whengver ;ts
input trigger is‘activateg, the counter is decremented pro¥ided

that it was not éut in the disabled state through its disable
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. ‘s T .
input. When the counter reaches zegg, all output triggers are
activated and the node puts itself in the disabied state. The
node‘can alé% act as a timer %f ;Pe input trigger is défined as a
system clock evené. If the node ;ets a trigger on its disable'
‘input before its counter reaches zero or before the time-out
occurs, the node stops counting and_puts itself in the disabled
state. When it is put back into the enabled state;, the initial’
count is loaded once more into the ‘counter register’'. The

TIMER/COUNTER node is used to provide time-cuts or to count a

required number of events before activating its output triggers.

Y
-~

The MESSAGE node is defined as a circle with an arc beginning
at the center and connected to a diamond with a ‘M’ inside. This
..node. behaves in the same way as an ACTIVITY INITIATOR node except
- that it initiates the transmission of a message; once the message
"is transmitted, all output triggers become active. This type of
ASN node is used to describe communicating PAD’s, 4n which direct

information transfer between two processes may be accomplished.

The ABORT node is defihed as a circle with the a 'A’ inside.
An ABORT node allows the selective abortion of a process. An
ABORT node is gwakened by an iﬁput trigger from the START event
of a procéss-d;fined by a PAD. Upon the activ§;}on of the ABORT
event on its otﬁer input trigger, it terminate§ the process
initiated by the START event. The ABORT node is part of an ABORT
PROCESS, which may‘include a(SAVE SUBPROCESS.

Also, the process or PAD to be aborted may include CRITICAL

REGIONS which once entered must be completed before the process

-
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can be terminated. As shown in Figure-5-6, CRITICAL REGIONS are ..
defined between two inpointing'light triangles called CRITICAL
: 188

"PATH DESCRIPTORS which are put on the trigger arcs.

When specifying a process using ASN's, “the following aspects

must be considered:

1: Each ASN mpst start with an external event; ﬁhe external
ev\nt may gé'provided by another ASN, by an external seq;or
or condition, or by the main controller.

2: Each ASN should terminate with an END node unless it is to
execute continuously, in which case there must be a feedback

path.

.-

It is to be noted that several ASN’s may be required to

completely specify a process,

Activit& Timing Charts (ATC’S), the other component of PAD's,
show the execution times of the various activities of an ASN. The
ATC of the ASN in Figure 5-4 is shown in Figure 5-7. Before
implementation, execution times must be estimated. Even after
implementation, execution times for activities in some activity

executors (FMC’s) can only be specified in terms of upper and

lower bounds or average times.

Figure 5-7 shows the nesting property of PAD's. ?he entire
ATC can be considered as a single composite activity at a higher
level, or as a single activity that can be decomposed into a PAD.
This feature of PAD’s allows the system désigner to 3tart from a

coaréé specification of the process to a complete specification



Chapter 5: Integrating FMC's Into a FMS Page 5-14

of an assembly process by doing successive refinements;

ATC's are useful to obtain. rough estimates of assembly pro-
cess execution times. By using Critical Path Method (CPM), Pro- -
gram Evaluation and Révgew Technigque (PERT) or other gﬁch me-
thods, it is possible to find which acti;ities would benefit most
from speed improvements. Using ATC’s, the required allocation of
" FMC’'s can be determined; i.e. thelnumber of FMC’s ﬁeeded, the 7
activities to be performed by the FMC's, and the hardware needed
in every FMC. A simulator, developed in [JOANBE], can be used tbr
test allocation of FMC's before implementation. Using actual
execution times and available resource information from the shop

b

floor, the overal®* manufacturing can be optimized. o

_5.2.2 FAD Usage

The use of PAD’s is shown in the following small example. In
this example, let us say that it is necessary to manufacture K
parts of two types, parts Pl and P2, before the manufacturing
process can proceed onto the next step. TFE”Kgﬁ for the manufac-
turing of the product %s shown in FigureﬁS-S. The ASN is acti-
vated when it receives the START”inEEE/érigger and is applied to
the first node, MERGE node Ml. MERGE node M1 decouples the star-
ting process from the rest of fhe ASN. MERGE node Ml's output
triggers activate GE node M2 which accommodates the feedback
path from WAIT node W1 via GATE node Gl back to’;ERGE node MZ2.
Another output trigger Zrom MERGE node M1l is applied to COUNTER
node Cl to initialize it for K counts. The output t:iggers of

—

MERGE node M2 initiate activities Al and A2, simultaneously
N ‘ .

decreéﬁe the counter of COUNTER node Ci by one to indicate that

¢
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Figure 5-6. CRITICAL REGIONS and

CRITICAL PATH DESCRIPTORS Usage.
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oo Figure 5-7. ATC of ASN of Figure 5-4.
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-8. Example ASN.
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KE-1 parts are left %o process,'anq enable GATE node Gl to allow
feedback since GATE nodes disable themsélves when they activate

their output triggers.

v

When the MERGE node M2 sends its EK-th set of outpﬁt'triggers,
the last two parts will be processed by activifies Al and AZ.
Simult3neously, the counter feaches zero and activates its output
triggers. These triggers disable GATE node Gl, removing the
feedback path, and enable GATE node G2. When COUNTER node C1
issues its output triggers, it also automatically disables it-
self. When both activities Al and A2 have been completely exe-
cuted, activit# A3 which requiredltwo séts of-K parts Bl and P2,
is activéted via GATE node G2. When .GATE node issues its output
trigger, it disables itself. Since GATE node Gl was disabled, no
new Pl and P2 parts will be processed until a.new START trigger
is applied to the ASN. The ASN retﬁrns to its initial state when

activity A3 {terminates.

For ease of processing, a matrix representation of the ASN is
introduced. The columns of the matrix represent the nodes of the
ASN, one coluﬁn per node, while the rows of the matrix represent
the eiternal and inéernai events associated with the ASN. Each’
entry in the ASN matrix can take one of four possible values:'l,
which means that the input trigger is used to activate the node;
E, which méané that the input trigger is used to enable the node;
D, which means that the input trigger is used to disable)the
node; and @ which means that this.trigger is not applied toc that
node. The matrix representation of the ASN example of Figure 5-8

given in Figure 5-9.
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5.3 Application of PAD’s to Printed Cifcuit Board Manufacturing

e T it it Tl e . ——

In this section, the applicability of PAD’s to FMS design is
presenﬁeq_by indiéatiﬁg_their use for-tbg;specification of the
manufacturing process, and of the o:gani;ation and coo;dination
of the FMS. First, the general PCB manufacturing éroceés is
déscribed at a high level to show the main phases éf PCB manuface
turing and to.indiéate.yhe scope of the application; second, each
phase is described in mor ail by identifying the product
‘information required from the CAE/CAD/CAM system and by §xplai-

ning where and how it is used; third, a detailed description of

‘
téf PCB assembly process is presented using‘a simple PCB assembly
example; fourth, PAD’s are.used to dgsign and specify the FAS
thq? implements the descr;ped PCB assdmbly process; fiftﬁ,. he
type of.in?ormation useful in the design of theﬂFMSlis ident?
and it is shown that mﬁch of this information can be extraqted‘
from PAD}S. Sﬁch'information is mainly concern with aspects such.
as‘the identification and épecification of needed assemﬁly acti-
vities, their control, their sequencing, their execution time,
the resources neede& to implement the activities executed by the
FAC’s, and the-programming rgduirements and specifications for
eiecuting the activities on the different FAC’s of the FAS. And
sixth, the organization, architec%ure and programminglof one of

the FAC's is also demonstrated using the methodology based on

rd

computer equivalence.

5-3.1 Tbg General PCB Manufacturing Process

Tﬁe general PCB manufacturing process of an arbitrary -number

.
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N PCB’s for a fully automated FMS is shown in the ASN oé Figure
5-1@. In each %obp of the ASN are manufactured K PCB's, and tne
1509 is executed I times to give N=I¥K PCB's. The value of K is
often determined, for example.-by the tray capacity usedfgntnhe
transfer of PCB'S in the FMS, or-is determined by the number of
PCB’s‘that can be cut from a single sheet. The main activitigs.of
PCBlManufacturing‘are: plant setup, PCB making, nért and compo-

ent tTesting and preparation, PCB assembly and soldering, and

asseémbled PCB functional tesiing.
5.3.1.1 Plant Setup

The FMS is first set up with al%ﬂgée information necessary to
carry out the manufacturing of the specific: PCB. .Programs and
data are down-loaded from the CAE/CAD/CAM systems in the formats
needed by the devices that use them When the setup process is
complete, PCB making, part and compdnent testing and preparation

: — 4 ‘

activities can be initiated.

5.3.1.2‘?03 Making Subprocess

-

-The PCB making subprocess beglns with prepared metal electro-
'ﬁlated sheets. Sheets are cut to approprlate sizes for the cir-
cuit:at hand and are submitted to the separate activities neces-

sary to imbed them with the wiring of the circuit.

The next step in the PCB making subprocess is the etching
process. In the etching proéess, circuit masks are created by
means of photographic methods using the phygical layout data

. generated after CAD/CAM tools have completely layed out the

-

o
[l
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Iciféﬁit. Patterns.are extracted from the layout in the form of
rectaﬁgles and are used .to céntrol a pattern photo machine. The
pattern photo machine uses this information to draw rectangles on
cleaf Mylgr sheeté prepared with iight sensitive material that
changes properties when exposed to light. The sheets are then -
developed leaving on them a copy of the cikrcuit tracks aqd the
épnnection pads f&r a layer. S}milarly, a compleﬁent copy of the
eirecuit can be put on the Mylar sheets. These Myiar_éhéets are
use repea;edly_with copper-plated boaédsJ_The boards are‘coated
with light sépsitive material; by a contact exposure method, the
circuit features are copied onto the boards. Unexposed material
is washed away and the bocard is put into an etchiné tank where
they remain until the exposed copper is removed. The remaiping

copper represents the desired circuit.

[

. The boards are then brought to Nd drilling machines. Holes of
the appropriate sizes are drilled through the board using the
position and hole size informa?ion geﬁerated by the CAD/CAM
system and down-loaded to the NC machines. All hole position -
information is provided relative to the prime manufacturing hole.
The board is held into place by a fixture that can_be controlled'-
in the X- and Y diregg;ons. Thus, all holes are drilled anywhere
on the board. If holes are of different sizes, either a separage
machine is used to drill holes of a specific size, or if the NC
machine has the capacity, all holes of a specific size are dril-
led first, and the machine exchanges the drill bit with one of a
different size until éi; the holes have been drilled. Holes

consist of pin holes,_vias (used to connect different layers3),



—
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Plant Setup:

PCB Board Making:

and Testing

setup of all FMC's, down loading of FMC
programs, data, etc. needed for full
production of N PCB’s.

the etching of circuit onto PCB layers
and drilling of holes, vias, and layver-
to-layer connecting, done for K PCB's.

Part and Component: incoming parts to‘be used in the assembly

Testing and
Preparation

PCB Assembly and:

Soldering

Assembled PCB:
Testing

”

Figure 5-12.

process including integrated circuits
(IC’'s), discrete.components§ and parts,
are tested for physical and functional
defects, and good parts and components
are prepared for assembly of K PCB’s.

good boards are fitted with components on
the component side of “the PCB; the PCB is
passed through a wave soldering machine
that solders all exposed pins on the pin
side of the PCB, for K PCRB’s.

Functional, structural, and electrical
testing is done for K PCB’s and bad
boards are put in a repair loop, good
boards are sent to flnal product manufac-
“turing.

ASN of the PCB Manufacturing Process
for N PCB’s.

-
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and manufacturing holes used in securing the PCB in fixtures -

during the restfqﬁ the manufacturing process, or for fastening

1\

At this point, two boards for the same circuit are ready to

purposes during product assembly.

be p?essed together in multiple layer board manufacturing. This
is -done Ey heating'the stac%ed_boards under pressﬁre. The amounts
of heat and preésure depend on the board material, the number of

boards, and the required tolerances that guarantee hole alignment

and keep the circuit tracks intact.

Afﬁer impression, a back-plating process is done io connect
vias between layers. The p;;me manufacturing hole and'other
manufacturiné holes not used as feed-through’s are plugged to
prevent back-plating. Thg impression and back-plating processes
are repeated until all layers have been éut together in one

.multi-layer PCB.

The next activity to take place in the PCB making process is
the deprositing of the solder-resist screen. This screen is needed
to prevent any solder deposited by the wave-soldering machines to
short any of the tracks.' The exposed places on the board are

usually pin holes and the like, where soldering must take place.

Ancother masking process called silk-screeningl takes place to
draw on the lower density boards the component markings, identi-

fication numbers, etc.

This PCB making subprocess is completed after the barq PCB’s

are tested by inspecting fér defects, and by performing electri-

- 4
{
!
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cal and tolerance tests on the board. Bad boards are trashed, and
good boards are stored in special bins, magazines, or racks of
. - N . -

trays for later retrieval duringﬂcQ@ponent assembly.

The PCB making qubprocess can be represented by the ASN of
Figure 5-11. ‘ | |

-

5.3.1.3 PCB Part and Component Testing and Prevaration

In this subprocess, the required set of parps and components
needed for assembly are tested with fespect to their physical or
geomeﬁrical, stru;;ural, electrical, and functional attributes.
After testihg. gocd components are prepared for assembly by
sorting and arranging them in suitable ways needed for part

feeding to the assembly FAC's.

The testing aspect begins with a visual inspection process
that detects geometrical defects early in the manufacturing pro-
cess, and rejects bad items. Barts such as screws, nuts, washers,

etc., used in the assembly process usually only require visual

-

inspection.

Other components usually require more and different testing
since they contribute to the function or behavior of the final
product. Spécialized-testers are used to test different types of
components such as transistors, inductors, capacitors, and resis-
tors. Tests conducted f;r these parts include behavioral pattern
matching (e.g. transistor'gain curves, logic behavior), electri-
cal measurements of key variables such as input apd output cur-

rents and voltages, and timing and fregquency responses. Test



Chaptq: 5: Integrating FMC’s Into a FMS Page 5-24 -

results are compared to expected results within an allowed tole-
rance, Devices that do not conform to expected behavior within .

the allowed tolerances are rejected. o had

More complex devices such as integrated circuits, require
even more advanced and complex testing processes and hardware.

Tests conducted include electrical and functional behavior.

Preparation involves the proper positioning and orientation
of parts aﬂd components into coﬁtainers_that conserve this infor-
mation. Prebaration for box-shaped components is done by putting
them in compartmentalized feeding trays in the desired presenta-
tion manner to conserve thei; orientation before use and during
transfer. In this way, part feeding at the FAC i1s greatly simpli-
fied since parts can be assumed to arrive at FAC's in a known
position and orientatiop{’reduciné the need for vefy advanced and
complex e%ements, sensors, and tﬁeir prdgrammiﬁg at FAC's. Other
types of parts such as éxial components are put into feeding |
ribbons in the proper sequence for axial component assembly using

special axial component insertion machines.

After testing and Preparation is completed, parts and compo-
nents are sent via a suitable part transfer system to the speci-

o

fic FAC's for assembly. . ‘

An ASN describing the PCB part and component testing subpro-

cess is shown in Figure 5-12.
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Mask and Screen: circuit masks are made using mask making
Making hardware which use the connection

information generated by the CAD/CAM
system in the form of patterns extracted from the layout in
the form of rectangxés and transferred onto masks; these
masks are made using pHotographic processes that put the
circuit on Mylar plates that will be used in the etching of
the bare copper-plated PCB; one mask is made for every side,

‘for each PCB layer.

Sheet Cutting: copper plated sheets are cut to the
required size for the PCB using layout
dimension information from the CAD/CAM system.

,Cilrcuit Etching: the cut copper boards are coated with a

light sensitive material; boards are then
contact exposed using the masks, photo-developed to ‘fix' the
exposed circuit; unexposed areas of the board are etched
away, leaving the circuit tracks.
Hole Drilling: vias, feed-throughs, pins, manufacturing

holes and the reference or prime
manufacturing hole are drilled using positional and size
information generated by the CAD/CAM system.

Layer Impression: sandwiching of several single-sided PCB’'s
. into one multi-layer PCB using heat and
pressure.
Back Plating: connecting vias between layers.
Solder Resist: circuitry that is not exposed for

soldering or testing purposes is covered
with solder resistant material to prevent shorts between =~
tracks and to permit wave soldering to take place after
components have been installed.
Silkscreen Marking: component location markings on the PCB

(not for high density component boards).
Bare PCB Testing: PCB's are finally visually inspected and

electrically tested for possible short
circuits, defects; statistical data are collected with .
respect to the quality of production.

Figure 5-11. ASN of the PCB Making Subprocess.

&
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Mechanical Part Testing: Parts used in the assembly process
to fasten other parts and components

are visually inspected for any geometric defect.

Mechanical Parts Preparation: Parts are prepared for the FAC
part feeders.

Passive Component Testing: Passive components such as
resistors, capacitors,

transformers, and the like are wvisually inspected and then

functicnally tested to verify that they meet tolerance

specifications.

Passive Component Preparation:Passive components are prepared

. for FAC feeders.
Active Component Testing: Active components, such as
: dicdes and transistors, are

visually inspected and tested for the proper behavior within

the allowed tolerances. .

Active Component Preparation: All active components are
prepared. for FAC feeders.

Complex Component Testing: Complex component such as

. integrated circuits are

visually inspected and then tested for the proper behavior

within the allowed tolerances.

Complex Component Preparation:Complex components are sorted
and arranged for feeders used

during assembly.

Figure 5-12. ASN of PCB Part and Component
Testing and P;egaration

BN
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START ' CONTINUE

A = Axial Component Assembly: Components shaped like
cylinders such as resistors,
capacitors, diecdes , etc. are assembled to K PCB's.

~

B = Box-shaped Component Assembly:Components shaped like boxes
like Integrated Circuits (IC)
are added to K PCB’s; -often several pins must be inserted at
the same time. .

C = Odd-Shaped Component Assembly:Components with varying shapes
and number of pins, and parts
used to fasten othexr parts to the PCB are added to K PCB’s;

D = PCB Soldering: K PCB’s with the added compo-
nents are soldered;

Figure 5-13. ASN for PCB Assembly Subprocess.
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5.3.1.4 PCB Assembly | ' "

When the PCB making and PCB parts and components testing
activitie; have been completed, the PCB ass?mbly activity can be
initiated. The PCB assembly activity cogsis%s of the following’
main subactivities divided along the lines of assembly object
characteristics: ax;al component assembly, box-~shaped componéﬂt

~assembly, odd-shaped component assembly, and finally soldering.
For PCB’; that use newer -technology such as surface mounted
objects, further aésembly may be required‘afﬁer the first PCB

soldering activity.

z

Axidl components are circuilt objects that have a cylindrical
shape with usually two ends or leads. These leads must be inser-
ted into holes. Box-shaped components several pins often on two
sides. All pins must be inserted into holes ofiappropriate dimen-

L’%sions and spacingrsimultaneoﬁsly. 0dd-Shaped parts and components
consist of odd shaped circuit and mechanical devices that have
diffe;Lgx purposes. Some serve in a circuit function whose pins
are inserted in holes, and others are used for purposes such as
fastening (mounting screws, nuts), heat dissipation (heat sinks),
et¢. All components reguiring soldering are done by a wave-

soldering device.

The PCB assembly subprocess is presented in the ASN of Figure
5-13 showing a first attempt to define details of the assembly
process in a step-wise refinement manner. The details of the

assembly subpggcess will be considered in section 5.3.2.

J
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5.3.1.5 Assembled PCB Testing

, s
After the components have been soldered ‘and  parts fastened to

the PCB’'s, these are checked for physical and functional defects.

-

Physical defect detection usually consists of visual inspec-
tion. Using sophisticated pattern recognition papabilities, PCB’'s
are scanned for solder bridges, gapé, cold solder joints, bent
pins or leadg, missed insertions, accidental track zutting, and N
parts damaged during assembly. In this way most defects can be i
detected before éxpensive functional testing. The iﬁspection
phase consists of attempging to find and identify these anoma-
lies, tag and record them for repair and gquality control, and ko
redirect ‘bad’ boards toward a repair loop. In the repair loop,
decisions are taken whether to keep and repair the boards, or to
dispose of them. The degisions taken depend upon the severity of
the defects, their number, and the production rate of the systeﬁ.
‘Good"boards aretallowed through to the next testing phase:

functional testing. —_ -

In functional testing, the behavior of each PCB circuit under
" test is cqmpare& with the expected behavior. Tests of this‘type
are more elaborate and requifé large amounts of data generated
during the design phase of the circuit in CAE functional circuit
_simulation. For PCB circuits, functional testing requires very

advanced and complex computer driven testers called Automated

e s m -

Testing Equipment (ATE). These testers must be able to generatr-?
appropriate stimuli for c1rcu1t testing and accept behavioral

patterns of the circuit and compare them with expected patterns

o

/.
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START CONTINUE
A B
_\ -~ . .
A = Physical Defect Detection: K PCB’s are visually inspected
- for any physical abnormality.
B = Functional Testihé: | K PCB’s are tested with respect
. to function and performance
specifications. '///a ,
Figﬁre 5-14. ASN of Assembled PCB Testing Subnrobess‘
: for K PCR’s. r
Parts - - NLmber
PCB board ........... o e e e mee e ettt 1
Axial Components . . , . .
Resistors ......... e e @ e e e e 3
08y = 2 L i ¥ 3 o 3
Box-Shaped Components 3
Integrated Circuits
Ul (14 PinsS) . iiit it ittt ettt e te et aeeeean 1
U2 (24 pins) ..o . 8 i 1
Miniature Transformer (8 pins) .........c.cvuuu.... 1

Odd-Shaped Components and Parts
Circuit Components

,Power Tramsistors .......................... 2
25 Pin Connector ..ottt ittt e 1
Fastening and Other Parts
Screws Type 1 .. ... ittt ittt 4
SCrews TyPe 2 vttt it e e e e e e 2
\\Lock Washers .. ... ..ttt ieeeeeen 4
NUts Type 1 . it ittt ittt ettt nannsn 4
Nuts Type 2 ......... L e it i et e e e 2
Transistor Heat Sinks ...........cienu... 2

Figure 5-15. List of Components and Parts for PCB Example.
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Figure 5-16. PCB Example.
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tfound during functional simulation for the same timuli. Although
the subject of testability and testing is beyond the,§¢3§éﬁof

this thesis, it should be noted that eQery PCB must be tested by
thé ATE machines and pass ﬁhe tests befofe being shipped to
product intésration in order to achieve high product ;eliability

in the field.

An ASN describing the dssgmbled PCB testing subprocess is

. shown in Figure 5-14.

5.3.2 PCB Assehblx Subprocess

In this section, discussions will focus .on the PCB assembly
subprocess, described by the composite ASN in Figure 5-13, to

show how the Subp}ocess can be refined down to the lowest level !

and define the FAC's needed to execute the activities, A simple

. PCB example, shown in Figuré 5-16, will be used to illustrate the

assembly steps. The list oi: parts and components reguired for the

asseﬁ%ly o% the example PCB is given in Figure 5-15.

- o . - - 4

, As outlined in''section 5:3.1, the PCB's to be assembled
tfansferred in;a siotted tfa? helding K PCB’s. The main phases of
the assembly subprocess will be consideréd separately, namely .|
aﬁial component assembly,'Box—shaped'component aésembly,_odd-

shaped componen? assembly, and-ECB soldering.

5.3.2.1 Axial‘Componeﬂt Assehblz Subgrocgss

Axial éomponents are the simplest to assemble since sgscial

purpose automatic insertion machines exist to do the Sob. it i®
C

assumed that the data used in this FAC weré generated by the
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system: part layout”wes generated following specific optimal? 7
placement algorithms that take into account the part dlmen51ons,
the track width and lengths, track spacing, hcle sizes, and even-
electrical crlterla. The CAM system accesses part information

from a’ccmmon design .and manufacturing data-base. All part posi-
tion information is collected and is down-loaded to insertion ma- -
chines. Part position data are used by the insertion machine to
insert the correct axial device in the correct position on the.
‘board. The algorithm used by the insertion machine is extracted

--——-—--—-— —_

from the group technology area of the data-base and is also down

.

loaded.

The axial ccmponent aesembly subprocess is shown. in the ASN
of Figdre 5-17. 'In this ASN\ all axIzal components are added to K
PCB’s. The K PCB’s are presented to the FAC 1n ‘a tray,of K slots.
Each PCB is taken one at a time, the axial components are added
to~dt the ?CB is returned to its original slot, and the same
' operatlon is executed repeatedly until K PCB’'s are done. The

completed set of PCB’s in the tray are then transferred to the

next FAC for further assembly.

The detailed behavior of the-AXIAL COMPONENT ASSEMBLY ASN is
~f

as folliows: -

1: "the ASN is activated by the START trigger;
2: the START trigger activates the MERGE node.M11;
\
3: MERGE node M1l simultaneously activates MER%E nodes M12,- and
: .

Ml4;bhode Mil decouple; the start process ffom the rest of

the ASN behavior; . //
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MEﬁGE node M12's output trigger initiates activity All, GET'
PCB TRAY;

MERGE node Ml4's output trigger ensures that at initial start

up, WAIT node Wll is ready to respond to its other input

- trigger from GATE node Gl12;

ACTIVITY node-All GET PCB TRAY gets a tray contaiﬁiné K PCB;S
that are ready for assembly, from ﬁhe PCB making process or
from inventory storage; when it‘is completed, one of its
output triggexs initializes the COﬁNTER node Cl1 to K so that
it will count K PCB’'s, another ocutput trigger activates MERGE
node M13; | ) X

MERGE node M13 initiates ACTIVITY node Al2, ASSEMBLE AXIAL
COMPONENTS, enables GATE node Gl1, and triggers £he CéUNTER

node Cl1 to count one event;

“on every input trigger from MERGE node Mi3, COUNTER node Cil

decreases its counter by:one and tests if its limit has been
reached; if the limit is reached, output triggers‘a;e issued;
if not, no triggers ére issued from it;

when ACTIVITY node A}Z completés, it sends output triggers to
GATE hode G11 énd GATE node G12; if GATE node Gl1 is enabled,
MERGE node M13 is activated which results in ACTIVITY node
Al2 being initiated again; this means that repeated initia-
tion of aciivity A2 is carried out; with COUNTER node:Cl1
controlling GATE node Gll, there will be K activations of
activity AiZ for E PCB’'s in a PCB tray; also, since MERGE
nQ%e M13 is activated, active triggers are put on COUNTER

node Cl1, <and on the enable input of GATE node Gl1 being re-

LT
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1@

11:

12:

enabled since'GATE nodes disable themselvés after issuing

output triggers; since GATE node G12 is disabled, the input,

‘trigger from ACTIVITY node Al2 is ignored;

when the limit of COUNTER node Cll has been reached, it '<
activates its output triggers; one of its output triggers is
sent to GATE node Gll to disable it, with the result tgat
this will stop any further initiation of ACTIVITY node Al2;
disabling GATE node Gll means that K PCB's have been assem-
bled with the ax;al components; the other output tr;gger
enables GATE node G12;

when ACTIVITY node Al2 completes for the K-th time, its™ ., -
output trigger to GATE node Gl2 is recognized since it is
énabieﬁ at this point, and the output trigger is sent to WAIT
node Wli whose other input trigger had already been acti-
vated; |

WAIT node W1l activatgs its output triggers which initiate

ACTQVITY node Al3, TRANSFER.PCB TRAY, any activates MERGE

_—nede M12, restarting the whole process;

13:

14:

When ACTIVITY node Al3 completes, output trigger NEXT1L is
activated; this trigger is ingut +he the next phase of théy
PCB assembly process, BOX-SHAPED ASSE&BLY. represented by/xﬁe
ASN'in Figure 5-18; =~
input trigger READY1l originates ffom the BOX-SHAPED ASSEMBLY
subprocess ASN, and megns_that thé transferred PCB tray has

been accepted; READY1 activates MERGE node Ml4 qhich acti-

vates one of the input triggers to WAIT node Wll; combination

-of nodes M14, W11, Al3, and triggers NEXT1 and READY1 esta-

blish the coordination required between the |AXIAL COMPONENT
) l

-
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ASSEMBLY and BOX-SHAPED ASSEMBLY subprocess ASN's (or-assem-
,  bly phases); this ASN of the AXIAL COMPONENTS ASSEMBLY phase
; .

K allows the next tray of K PCB’'s to be assembled with its
. \ ° - .

\“éxial components while the Jjust finished tray is being
transferred to the BOX-SéAfED HSSE?BLY phase; also, the ASN

Jggeé\gggfgfrmit the transfer of IHe next tray until the
previous tray has been accepted by the followzng Phase (see

LY

BOX-SHAPED ASSEMBLY "ASN).

-

From the above ASN, the following requirements can be identi-
fied for the AXIAL COMPONENT ASSEMBLY FAC implementiné'the acti-.
vity of ACTIVITY node Al2: | '

1: PCB. feeding: Empty PCB's are presented to the FAC in a:
known positién from a tray. Using a robot
manipulator and sensory system, a PCB is selected from the
tray and is latched into place on a fixture of suitable
design using piﬂs'éhd braciﬁg springs that conserve its
positional information. The fixture can be controlled.to turn
the PCB in 90 degré% incrementg and can be moved laterally in
the X and Y directions. This allows the axial components to °
be inserted at the right place, in the desired orientation.
Each PCB has a reference hole from which all positioning
information is .related. The PCB is held in place using the

reference hole and other suitable manufacturing holes.

. [ . . ’
2: Axial component feeding: The axial components are fed to the

FAC's insertion machine using a

-

ribbon into which all the axiagl components ‘are sequenced in
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the order of installation. The insertion machine works very
much like a stapler gfaﬁEing the lead on the component in the
component ribbon and pushing them through tﬁeir holes. Excess
lead lengths are cut automatically. The ribbon is prepared in
the part and components testing and preparation activity

described above using data from the CAD/CAM system.

3:- Insertion: Axial component insertion is done by the axial
component insértion machine and the moveable
fixture. Using part position data down loaded from the
CAD/CAM system into local data storage, the insertibn:machine
pushes the component leads through the board and crimps them
from underneath't§ hold the componentgéiﬁplace. Excess lead
lengths are cut by the insertion machine. The fixture moves
in the X- and Y- directions and rotéfes in 9@ degree steps to
allow the insertion of fhe axial components in any position

on the PCB and in all orientations.

4: GSensor System: Microswitch sensors are used to detect if
there exist incoming PCB;s in the tray. A

vision system is used in post-insertion inspection to collect
data on the insertions: Quality corntrol informa;ion with

respect to axial component insertion is collected here.

5: Trangfer: The central lgcal cobrdinator decides if the PCB is
allowed to continue in the manufacturing line or if

it should be redirectgd to a reparation line. Bad boards are

put into a bin that is discharged at regular intervals. Good

boards are moved by the robot manipuléior back into their
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All = GET PCB TRAY

Al2z = ASSEMBLE AXIAL COMPONENTS
Al3 = TRANSFER PCB TRAY

Figure 5-17. ASN of Axial Component Assembly.
' ¢
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slots in the tray in a-known position; when all PCB’s have
been proce;sed, the coordinator effectively issues a ready
signal to the FAS contrqller (discussed later}, indicating
that the tray is ready to be sent:off to the next FAC by the

active conveyer transfer system element.

5.3.2.2 Box-shaped Component Assembly

Box-shaped components are more difficult to add to a PCR
thaﬂ axial components because the inserticn task must be done
with high precision and because the components usually inQolve
the insertion of several leadg or pins into several holes simul-
taneousiy. Again, it is assumed that the data used in this FAC
have already bgen generated by the CAD system. The CKD system
accesses part ﬁqformation from a common desigm™and manufacturing
data-base. In thas type of assembly activity, a robot manipulator
does the insertio ﬁ;ing a complex algorithm and sensory feedback
data used to guide the‘insertion. The insertion'algoriphm used 1is
developed using a CAM system and simulator or test FAC. This
algorithm can also b% stored in the group technology area of the

/s

data-base for later use. The program implementing the algorithm
is down loaded to the FAC after development testing completes
_successfully. Advanced feedback sensors such as vision, tactile
and proximity sensors are used to measure force; and distapce
information during ins®rtion. Also, }he FAC's robot manipuiator

is equipped wiﬁﬁié remote compliant gripper that detects and

compensates for misalignment during insertion.
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READY1'

A21 = ACCEPT PCB TRAY FROM AXIAL COMPONENT ASSEMBLY

A2z = ASSEMBLE BOX-SHAPED COMPONENTS
AZ23 = TRANSFER PCB TRAY TO ODD-SHAFPED COMPONENT ASSEMBLY
PHASE

Figure 5-18. ASN of Box-shaped Component Assembly Subprocess.



Cﬁapter S5: Integrating FMC’s Into a FMS _ ‘ Page 5-41

In Figure 5-18, the ASN of the assembly of all box-shaped

&

¥ . \’
compenents to K PCB’s is specified. It resembles very much the

ASN of axial components. The K PCB's are presented to the FAC in
a tray of K slots. E4ch PCB is taken one at a time and the box-
shaped éomponents are added to it. If fhe PCB assembly activity
was done acceptably as detected by a vision-based inspection step-
in the FAC, the PCB is returned to its original slot; otherwise,
the PCB is put in a rejection tray. When the‘rejection tray is
full, it is sent to the repair and quality coﬁtrbl ceﬂters for
investigation. The whéle operation if exgputed repeatedly until
the tra?’g K PCB’'s are done. When ali PCB's in the tray have been
processed, the tray with the remaining acceptable PCB's is

transferred to the next FAC for further assembly.

The behavior of the ASN for box-shaped components assembly

subprocess is as follows:

1: the ASN is activated by the START trigger;

2: the START trigger activates MERGE node M21;

3: MERGE node M21 simultaneously activates MERGE nodes M22, and
M24; MERGE node M21 decouples the start process from the rest
of the ASN behavior; '

4: MERGE node M22’'s output trigger makes ready ACTI&ITY node
A21, ACCEPT PCB TR%Y FROM AXIAL COMPONENT ASSEMBLY; ,f

5: MERGE node M24’s output trigger ensures that at imitial start
up, WAIT node W21 is ready to respon& to its other inpuﬁ
trigger from GATElnode G22; t |

§: when the input evenf NEXT1 coming from the AXIAL COMPONENT
ASSEMBLY ASN occurs, ACTIVITY node A21 is initiated;

| .
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L

when ACTIVITY node Azl‘completes, its. qutput triggers acti-
vate MERGE node M23, and initialize COUNTER node C21;
ACTIViTY node Azi also agtivates'the external trigger READYI,
used to inform the AXIAL COMPONENT ASSEMBLY ASN that.it has
accepted thevtransferred tray and it is ready to accept ano;-
ther;

MERGE'node M23's output triggers ensure that GATE node G21 is

- enabled while K PCB’'s are being assembled with bg&-shabéd

components and triggers COUNTER node 021 To count one event;
another output trigger initiates ACTIVITY node A22, ASSEMBLE
BOX-SHAPED COMPONENTS; |

on every input trigger from MERGE néde Mz3, COUNTER node 21
decreases ifs counter by one_gpddtgst;_if its limit has been
reached;.if it has, its output triggers are issued; if noz(\\_i
no triggers are issued from it;

when ACTIVITY node A22 is completed, it sends output triggers
to GATE node G21 and GA&E node G22; if GATE node G21 is
enabled, MERGE node M23 is activated which results in
ACTIVITY node A22 being initiated again; this means that
repeated initiation Sf activity A22 is gérried out; with
COUNTER node C21 controlling GATE node G21, there %ill be K ¢
activations of activity A22 for K PCB’s in a PCB tray; since
MERGE node M23 is activated, triggers a¥e made active on
COUNTER node C21, and”on the enable input of GATE node G21 to
re-enable it since GATE nodes disable themselves after
issuing output triggers; since GATE node G22 is disabled for

the first K-1 initiations of ACTIVITY node A22, the input



nd

Chapteér 5: IntegratiﬁE‘FMC's Into a FMS T Page 5-43

i1:

12:

13:

14:

]
A

trigger from ACTIVITY node A22 is ignored;
when the limit of COUNTER nodé C21 has been reached, it
activates its output triggers; one of -its output triggers
disables GATE ﬁode G21, with the result that this will stop-
any gufther initiation of ACTIVITY node A22; disabling GATE
node GZl'means‘that K PCB’'s have been assemﬁled with the
axjial components; the other output'trigéér enables GATE node
G22; ‘

when ACTIVITY node A22 completes for the K-th time, its
output trigger to GATE nodé G22 is recognized since it is

enabled; at this point, GATE node G22’s output trigger is

| sent to WAIT node—WZt—whose other input trigger had already
. been activated by MERGE node M24; N

WAIT node W21 activates gits output triggers which ‘initiate

ACTIVITY node AZ23, TRANSFER PCB TRAY TO ODD-SHAPED COMPOUNENT
z . - .

ASSEMBLY PHASE and activate” MERGE node M22, making the whole

BOX-SHAPEﬁ CCMPONENT ASSEMBLY subprocess ready again;

When ACTIVITY node 423 completes, output trigger NEXT2 is

activated; this is an input trigger for the next phase of the
PCB assembly process, ODD_SHAPED COMPONENT ASSEMBLY, repre-

sented by the ASN in Figure 5-19;

\{f:/iangatrigge; READY2 originates from the ODD-SHAE?D CO%EONENT

ASS J’LY subprocess ASN, and indicates. that the transferred

. s { .
///ﬂﬁﬁﬁ:;ﬁay has been accepted; READYZ2 activates MERGE node M24

—

which activates one of the input trigggrs‘ the WAIT node

W2l; combination of nodes M24, W21, A23,%ar@ triggers NEXT2

" and READYZ'establish the cocrdination'required_between the

BOX SHAPED COMPONENE ASSEMBLY and ODD-SHAPED COMPONENT

—

\
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ASSEMBLY subprocess ASN's (or assembly phases), this specific
realization of the ASN for the BOX-SHAPED COMPONENT ASSEMBLY
phase allows the.next tray of K ECB's to be assembled with
its box-shaped components while the just finished tray is
being transferred to the ODD-SBAPED COMPONENT ASSEMBLY pﬁase;
also, the ASN does not bermit the transfer of the next tray
untilfthe previous tray has been accepted by_thengollowiné

ase (see ODD-SHAPED COMPONENT ASSEMBLY Subprocess ASN);

d\\—\\\ ' From the above ASN, the following requirements and needed
elements can be identified for the BOX-SHAPED COMPONENT ASSEMBLY

FAC impleménting the activity of .ACTIVITY node AZ2:

1: PCB feeding: PCB’s ﬁre taken from the tray in a known
posmtlon using a robot manlpulator and sensory
system. The PCB is latched into place on an immobile f£ixture
using fixture pihs and assoc%gted manufacturing holes on the |
PCB,‘and bracing springs. Each PCB has .2 referenge hol;,fromf

which all positioning information is related.’

2: Box-shaped component feeding: The box-shaped “components are
> . fed to the FAC using compart-

mentalized traés,at known feediE; places. Each compagtment
contéins one component: A robot manipulator is used'to get

the components. Dimension information on the components is

;udjprovided obtained by the CAD/CAM system and is down-loaded to:

the FAC's controller. When a tray of components is exhausted,
another is provided by the feeder. There are three box-shaped

1

component feeders for the three different box~shaped compo-

) - £

FAN
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;. Sensor System: Microswitch sensors are used detect if

collected. _;

TR

nents: IC1, IC2 ,"gnd(TRANSFommR. N ' -
Insertion: Box-shaped compoheht ingertioq is done By the

robot manipulator equipped with a remote com-

pliant gripper. The robot manipulator will be used to insert

the box shaped componentS'by positioning them and orlentlng

-them properly usxng component p051tlon data down- loaded from

the CAD/CAM system into local data storagi)gf/;he FAC and a
vision system. The robot, manipulator gets each component one
at a2 time, moves it to the appropfiapé insertion position at-
the PCB in the‘correct‘orientat;on, and pusﬁeq the'coméo-
nent’s leads througp the board ;ith'a specifjc limit force;

i

-.)

”

there exist incoming PCB’s in the tray. A
vision system is used to monitor and provide feledback to

control the robot’s movements. Tactile feedback sensors on

phe gripper provide the needed feedback info:ﬁation to con-

trol the insertion. A vision system is used in post-insertion

-

inspection to collect data on the inseftions. Quality control

information with respect t® box-shapedicomponent insertion is .
' A

Trahsjer: The FAC’s coordinator decides if the PCB should be
allowed to continue in the manufacturing line or if
it should be redirected to a reparatisn\line. Bad boards are

- ’ . L,
put into a bin that is discharge¢xat yeéular intervals. Good

' boards are moved by the robot manipulator back into its slot

in the tray in a known position; when all PCB’'s have been

- -

&

-

ro.

-
b
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Processed, the PCB tray is sent off to_the next FAC by the

active conveyor transfer system. o

From the above 5 requlrement points, Rhe following FAC ele-
ments needed to execute the BOX-SHAPED ASSEMBLY activity can be
identified: robot manipulator, remote compliance gripper end

effector, fixture, microswitch and tagtile sensors, vision sys-

-
-

tem} iarge data storage for part information and data collection,

three part feeders for ICl, IC2, and TRANSFORMER.

5.3.2.3 0dd-Shaped Component Assemblzﬁ\\
. .

Theses objgcts are the most difficult to assemble because
each object to b&\used in the és;;mbly ay be differént and
irregular in shape. To permit assémbly,mﬁghtom end effectors in
the form of grippers or end tools may have to be built for the . -
different task and object to be'manipulated during assembly. T%is
requires more advanced robot technology. The assembly activities

6ften,require a fastening type of operation where one object 1is

fastened to the board with screws and nuts, or one o ject must be

- ' held in place while another is attachedé in sggg/way. dbject

information is provided by the CAD/CAM system through the common
data-base. As a rule, a new FAC program must be created Ior every
new end effector used and for every differently shaped object to

be assembled.

In Figure 5-18, the ASN of the assembly of all_odd-shaped

components of K PCB's is specified for completeness. Since it is
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Figure 5-18. ASN of Odd-Shaped Component Assembly,Subprocesgs.

Figure 5-20. ASN of PCB Soldering Subprocess.

-
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identical td the ASN of ‘box-shaped {omponents assembly'except in
the actiwities specifiied at ACTIVITY nodes A31, A32, and A33, its
behavior will_not be described here. The K PCB's are presented to
the {FAC in a tray of K slots. Each PCB is taked one at a time and
th%/odd—shaped components arge added to it. Simila;}y to the other
component assembly activities, if)the PCB odd-shaped component
aésemblyuaétivity was done acceptably, as detected by a vision-
based inspection step in the FAC, the PCB is';eturned to its
oriéinal §lotjﬁn the trayﬁ otherwise, the PCB is put in a rejec-
tion tray. When the re®ection tray is full, 1t is sent to the
repair and unIity control cente;s for investigation. The whole
operation is executed repeatedly until the tray’'s K PCB's are
done. When all PCB’s in the tray have been processed, component
assembly is then complete and the tray with the acceptable FPCB's5

is transferred to the next cell for soldering.

5.3.2.4 PCB Component Scldering

The PCB’s—with the addeh components are then soldered using a
PCB wave-soldering machine. This process is very Simple: PCB' s
are pulled with their pin side momentarily skimming the surface
ofhliquid solder in a hot tub and the exposed pins are soldered

to their soldering points.

In Figure 5-20 is shown the ASN for the soldering of K FCE’s
selected from a tray. All soldering is dene by a wave-soldering
machine. It accepts PCB’s and pulls them over a hot tub of liquid

solder to solder all exposed pins on the soldering side of the

PCB. h

-~

. ~

PPN



Chapter 5: Integrating FMC’s Into a FMS =~ Eage'5*49‘

. - “ -
- In this section, the programming and coordination of the FAC

elements required for the assembly of the box-shaped components
' r

is presented as a example. From the requirements specification
. ! AN
given in the previous section, the following elements are

required in the FAC: -

- —

A

Robot manipulaﬁor: used to manipulate the PCB, and the
components;
3 I3 \.—_“
Remote compliance gripper: used to grab the PCB and box-shaped

compeonents, and to push the
components's pins inpq‘their holes;

Fixture: to hold the PCE during assembly;

IC1 Part Feeder: feeds the Fﬁfayith IC1 components;
IC2 Part Feeder: ’ feeds the FAé\with IC2 components;
Tl Part Feeder: feeds the FAC with TR1 components;

Tray Transfer Conveyor Unit: ieéeives trays from the transfer
' system and transfers trays to the
next FAC;

Tactile Sensors: give force feedback information by
the gripper; '

Vision Sensor: give image feedback used to identify
objects, components and destinations
visually, to analyze image data
during inspection, etc.

Microswitch Sensors: to detect the presence of PCB's in
the tray; :
Assembly Data Storage:’ information storage in which

component information can be
obtained, and assembly result
information can be collected;
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Figure 5-21. FAC Organization for
Box-shaped Component Assembly
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The FAC.organization required'for the assembly of the box-
shaped components described by activity of ACTIVITY node A22 is
shown in Figure 5-21. The CLI program needed to perform the

assembly activity is given -below.

-

The main portion of the CLI program that implements the

activity of node A22 expressed in a machine language ‘flavor’ for

the &éscribed FAC is: T

L

INITIALIZE ELEMEI%S/ .
MOVE FIXTURE, PCB
INSERT . IC1_PINHOLES, IC1
INSERT  °  IC2_PINHOLES, 1IC2
INSERT- - Ti_PINHOLES, T1

MOVE TRAY, PCB

The levelao}_expression of these ' instructions is identical to
the éask level specification found in the litérature [LOZAB3]. fo
impiement the instructions as expressed, they must bé divided -
into a set element commands executed in the proper -sequence.
These commands are implemented as separate elementxprograms or
subpregrams. The\ﬁfquggpe of eiemeﬁt command execution must be
defined to the command sequencer. The following breakdown of the
MOVE and INSERT instrqctioné shows the set of commands to be

implemented as subprograms for the different elements and shows '

-
-

the required sequence‘of these element commands to implement the

givew CLI.
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.. For MOVE FIXTURE, PCB:

:VISION,MICROSWITCH SENSORS: _

:ROBOT, VISION SENSOR:

: ROBOT, GRIPPER, TACTILE SENSORS:

:VISION SENSOR:

:ROBOT, VISION SENSOR:

:ROBOT, GRIPPER, TACTILE SENSORS,
FIXTURE:

:GRIPPER:
:ROBOT:
:VISION SENSOR:

D

or INSERT IC1_PINHOLES,

:VISION SENSOR:

:REBOT, VISION SENSOR:

:ROBOT, GRIPPER, TACTILE SENSORS:
:VISION SENSOR:

:ROBOT, VISION SENSOR: . -

IC1:

Vi W=

:ROBOT, GRIPPER, TACTILE SENSORS:

:GRIPPER:
“ROBOT:
9:VISION SENSOR: -

CE)-Q an W

From the above instruction implementations,

tidén ‘phases’

" MOVE TO NEUTRAL POSITION .

Page 5-52

“-

e

IDENTIFY PCB
MOVE END EFFECTOR TO PCB

IGRAB PCB WITH GRAB FORCE

IDENTIFY FIXTURE
MOVE 'END EFEECTOR TO FIXTURE

PUSH PCB ONTO FIXTURE WITH PCB
PUSH FORCE
RELEASE PCB

13

VERIFY PCB IN FIXTURE

IDENTIFY IC1

MOVE END EFFECTOR TO IC1

GRAB IC1 WITH GRAB FORCE
IDENTIFY IC1_PINHOLES

MOVE END EFFECTOR TO
IC1_PINHOLES - '
PUSH ICl INTO IC1_PINHOLES WITH

IC1 PUSH FORCE %

RELEASE IC1
MOVE TO NEUTRAL POSITION
se#éral instrué—

VERIFY IC1 IN PCB

can be identified. One or more low level command

primitives may need to be perIcrmed by a corresponding number of

different FAC elements inveach phase of the CLI's execution.

—

This-

means that more than one FAC element may have to work together,

as in phase 6, to execute the command.

In this case, the ROBOT is

‘commanded to push ICl found in the GRIPPER (used to prevent

jamming and keep the alignment for insertion),

into its pinholes

using feedback force information from the TACTILE SENSORS until

™ the force limit data found with the TACTILE SENSORS. The TACTILE

SENSORS element is activated to detect the stopping conditions

while the ROBOT and GRIPPER perform the push operation.
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-
e

, | S .
'To permit the needed interaction between the FAC elements, a

meshs by which the the TACTILE SENSORS element can infiorm the -
ROBOT ang G@IPPER element controllers thét stopping conditions
have.ﬁeen reached must be provided. The message can be sent in
the form of a simple dedicated signal to the ROBOT element inter-
face unit from the TACTILE SENSORS element interface unit, or Ey
uéing a shared communication media under control of another'
€iement in the system that acts as a communication arbitrator,
also under the control of the Eommand sequencer. The function of”
the arbitrator is to énsure the required control and sequencing __.
for communication between the FAC element intefface uniﬁs, for

the execution of each phase of the-instruction.

———

After the command sequences have bheen identifiedq the neces-
gﬁry set of interface commands to be implemeﬁted in the Separate
FAC element.interfgses are compileﬁ. These interface commands are
fuffher implemented as sequences of primitive comménds that are
sent bx the interface to the element controllerg. Each primitive

&
command ¢f an element is implemented as an element controller

-

program specifically designed to execute the needéd primitive.

Therefore, a CLI is a sequence of FAC element commands; a
command is a sequence of FAC element command primitives;‘and an

element command primitive is single eleément program. This means

. %hat to execute one CLI, several element programs may needed to

be executed, and several FAC elements may be activated concur-

* -
i)
[

rently. “*~) ' .

/
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-

When allfcgmﬁands have been executed under the control of the
command'sequencef successfully, the command sequencer informs the
CLI sequencer whiéh'fetches the next CLI ?o'befexe&ut;a.lf thé
command sequencer detects that a command failed to execute ﬁro—
_perly using internal timers for each phase, or from error signais
from the FAC elements thefselves, the command séquencer stops the
execufﬁon of all other elements, aborts the remaining commands,

\

and informs the CLI sequencer of the status of the current CLI
being executed. Status information consists of: the element that
failed, the current command phase be;ng executed, and possibly

status data from the elements. Since a failure handling procedure

* !
is defined for each instruction command phase, the CLI sequencer
is able to decide which failure procedure to invoke and use the

status information provided by the command sequencer.

-

5.3.4 ‘The Functional Qrganization of the FMS Controller

In this section, the organizational alternatives of the EMS
controller are considered. The organization of the contreller
depends on the manufacturing scheme to be implemented: single or
multiple lo? schemes. In singi; lot manufacturing, only one lot
~ of a certain size of a single PCB design is manufactured by the
FMS at one time. In mu%%iple 1ot manufacturing, several lqts

different PCB designs are manufactured concurrently by the same

FMS.

Wiﬁhin single lot and multiple lots manufacturing schemes of
size N in batches of K of PCB's, different scenarios can be

envisaged.
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/ . . .
Sinle Lot Manufacturing $?heme : -
. ) . ; .

-

“In single lot PdB_Eanufacturing, the FMS is sethp ohly‘once
and all resources are used. only to mahufacture one PCB design. -
The resources cannot be used to manufactqgsﬁihdifferent'ECB until
all N of thé current PCB design havé'been manufact*fed._lh the

single lot scheﬁe. there are two main approaches:

1: A first approach to FMS controller design is based on the a

single monolithic éSN, composed of composite acl&vities, that

realizes the whole acturing process. A PAD describing

this 51tuatloﬁ was shown in Figure 5 19 using com9051tb
activities describing the manufacturing subprocesses w;\ch
are executed for K PCB's. All the resources needed to manu- &=
facture the batch of K PCB's are allocated once. In this

éase, the FMS controller is simply a single ASN MANAGER,

shown ih Figure 5-22, and is governed by a single matrix
representation of the ASN. Th; tasks of the ASN MANAGER will

be discussed later.

Thislapproach is obviocusly inefficient in the use of resour-
ces and in terms of throughpﬁt and resource utilizqtion
because potentially only one FMC of the set of FMC’s in the
whole system can be execéﬁing, and most FMC’'s in the whole
FMS could be sitting idle most of the time. A composite
Activity may also have to wait until all';ecessafy cdhposi;e
activities previous>to it are completed for the next batch of

K PCB's, before it can be executed. Also, as soon the curren-

t1ly executing composite activity finishes for the current



Chapter 5: Integrating FMC's Into a FMS ' Page 5-56

' N
batch of K PCB's, it must wait until ‘the all subsequent .
composite activities have been completed for this batch. The

throughput is ‘determined by the slowest comébnent.

2:-.In a second approaéh, the monoiithiq ASN is partitioned into
- separate ASN’s, one for eabh major subprocess. These are
defined such that they can proceed immediately oﬁtq the next
batch of K PCB's after the processing for the current batch
of K PCB’s is completed. This is done I times to give N
Pdé's. An example shgwing the processing of the next b;;ch of
K PCB’s as defined in one ASN while the just completed batch
is being processed by the next ASN is shown in ATC of Figure
5-24. In this case, each ASN is controlled by its own ASN‘
s MANAGER, and all the ASN MANAGERS in the system are sequenced
by an ASN SEQUENCER, as shown in Figure 5-23. The ASN
'SEQUENQER is responsible for initiating ASN's of the FMS in
the proper sequence in response to the start up event and

subprocess completion signéls from the ASN's.

In this approach, there.is more efficient use of all resoué;
ces in the FMS because thgre is a lot"of overlap betweén the
various execution phases. Throughput increases because the

mEnufactu&ing phases of K PCB’s are interleaved. Furthermore, .
the throughput of a previous phase can be matched to that.of
the next phase by allocating more resources (FMC's) to both
phases in the correct ratio. This will help remove the bot-

tlenecks that exits between phases.
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ASN
START MANAGER
FMC FMC . FMC
OORDINATOR| |COORDINATOR COORDINATOR
FMC _ FMC FMC
ELEMENTS | ELEMENTS ELEMENTS

”~

K4

Figure 5-22. Single ASN MANAGER as FMS Controller.
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Figure 5-23. Partitioned ASN S Co—ntroller. '
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Multiple Lot Manufacturing Scheme

In m&ltiple lot manufacturing, more than one PCB design is
‘being manufactured at a time by the same FMS. This means that
some resources can-be-§llocatea to execute ASN’'s for one specific.
PCB while' the same ASN is being executed on similar resources for
a different PCB. In this way manufacturing phases for diﬁferent
PCB’s can be overL?pped in the same FMS. If the execution time of
‘an ASN for a first PCB design is longer than for a second design,
then the same ASN could be executed severai times for the second
PCB design before the ASN is executed a second time of the first
PCB design. Also, intermixing of different PCB designs lots-can
bé‘done by using multiple resources for an ASN or, by providing
highly reconfigurable FMC's in the FMS which can be used to

execute different activities for different PCB designs.

To permit this kind of resource allocation, both a SYSTEM
\MANAGER and an ACTIVITY SCEEDULER are required (see Figure 5-25)
to assign FMC's to execute the activities to be run fof the
"different PCB designs, %@ determined by the ASN MANAGER. The
SYSTEM MANAGER is reéﬁired to sequence the ASN’s in the proper
order, and to initiate new instanees of an ASN MANAGER to execﬁgé
_an A%ﬁafor another PCB design, or for another batch of the same
PCB design. The ACTIVITY SCHEDULER is reSponsibie for scheduling

activities on the FMC’s of the FMS in response to requests irom

the ASN MANAGER's.

In such a FMS, activities may be bound to particular FMC’s.

This would limit their ability to be allocated to execute other
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activities for different PCB designs and therefore limit the
resource utilization. Alternately, activities might be executable
on several FMC's, allowing for better resource alloéation and
rproviding for better resource utilization. It is’important that
the ACTIVITY SCHEDULER to be aware of these limitations to have -
. orderly assignment of FMC’s in executing activities. Resource
allocation for concurrently manufactured products becomes very
compiex and requires the use of techrniques de@éloped for job‘sﬁop

scheduling [BAKE74]. ] T

-

5.4 FMS Architecture and Functional Organization of Controller

-

There are two basic abproaches tg FMS control: distributTd
coptrol in which the interconnected FMC's share information and
control the whole FMS, and central control in wbich a dedicatedﬁ--
controllef manages the FMS baged on the information received from
the independent FMC’s and other systems. Central control may be
organized hierarchically, with many levels of control where each

controller communicates with its peers, immedgste superior and

subordinapes.

PAD’s are best suitéd to the design of centrally controlled
FMS’s. The general architecture for a centrally cqftrolled FnS is
shown in Figure 5-28. At the lowe;t level of the ?MS are found
the ¥MC's which execute the activities of the assembly prpcess:
The CL programs for the activities are stored in the FMb's resk‘
ponsible for those'activities; To executq\a particulaﬁ activity,

- the central FMS controller informgfthe proper FMC to start execu-

" ting the required activity. When an activity is completed, the
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Figure 5-26. Centrally Controlled FMS Architcotdre.
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FMC informs the central FMS controller. A control bus is used by
the central controller to initiate FMC activities execution at
. 7
the required time and sequence, and to receive acknowledgement
; ;

and completion responses. A Eata bus is used to transfer data to

and from the FMC's. }

i

As shown in the above(discussion on FMS scenarios, the cen-
1
tral FMS Eontroller must réﬁft to the extermal environment, and
achieve proper control and ceordination of the activities in the

FMS. To achieve this, the genegal functional organizatien of the

FMS central controller’s must #ontain three main layers shown in

-
o

Figure 5-27.

J the system by keeping track of external
events from the FMS environment or from system activities, of .=
awakened (executing) ASN’s in the system. and of process
completion signals from the ASN MANAGERS. It is éesponsible
for initiating ASN’s of the FMS in response to external
events by ‘creating’ ASN MANAGERS for the appropriate ASN,
and transmitting the appropriate start up trigger to the A3N
MANAGERS. It may also transmit any external event for which
an aw;kened ASN may be waiting; External events may be
ignored by‘the SYSTEM MANAGER or it may initiate a new ins-
tance of an ASN MANAGER, depending upon the type of FMS
control system being designed. Upon receiving a process com-

Pletion signal from an ASN MANAGER, the .SYSTEM MANAGER
‘kills’ the ASN MANAGER.
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2:

The ASN MANAGERS: ASN MANAGERS are dynamicélly ‘created’
for each awakened ASN; and are dynamical-
ly ‘killed’ when-the ASN's execution is completed. In a
working system, there exists only one ASN MANAGER per ASN,
aﬁé.different instances of the awakened ASN's are.represented

internally to the controller. The operation of an ASN MANAGER

is governed by the matrix representation of the ASN. ASN

‘MANAGERS carry out the proper activity sequencing specified

by the ASN’'s for which they. are responsible by receiving
external events from the SYSTEM MANAGER, and activity comple-
tion sigﬁals from the ACTIVITY SCHEDULER. Using this informa-
tion, the ASN MANAGER checks for activities that have to be
executed, and transmits this information to the ACTIVITY

SCBEDULER. -
mn )
The ACTIVITY SCHEDULER: It assigns FMC's to execute the .
activities to be run as determined
by the ASN MANAGER. In this way it is -responsible for schedu-
iing ;ctivities on the FMC’'s of the FMS. In a FMS, the
ACTIVITY SCHEDULER‘must be aware that some activities may be

bound to pafticular FMC’s, or they may be executable on

several FMC’s.

As shown in [JOAN86], an ASN MANAGER uses a simple control

algorithh (see Figure 5-28). In a working system, this algorithm

can be implemented by a dedicated Processor {(or micreoprocessor).

Also, because of the  differences between the time it takes for
activities to execute and the time required by an ASN manager to-

make a decision concerning the sequencing of activities, several

\
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ASN MANAGERS\can be implemented on a single microprocessor, and

executed in a time shared fashion.

In a working FMS, the production rate of the system may need
to be increased. Th}s can be achieved by allowing the ACTIVITY
SCHEDULER to allocate more FMC’s .to the execution of the activi-
ties of the higher priority man??actu;ing process. Also, produc-
tion may be slowed down, sut notfshut down, to perﬁgé plant

servicing of FMC’s and allow the introduction of new FMC’s intb

the FMS without impediqg production.

Since some PCB manufécturing elements used in FMC’'s are very
specialized, ahd since FMC’s should be-kept as simple as pos-
sible,-FMC’s are usually only able to execute on: activity._With
this in mind,'resoufce allocation in FMS’s is not as free as in
multiprocessor systems..This means that a FMC can only be used in
specific phases of the manufacturing, to execute a single activi-
ty, limiting its abiiity to be used to execute other”&ctivities
in completely different éreas of the FMS—without‘éedggigning the

FMC.

5.5 Conclusions

In this Cthapter, PAD’S$ were introduced as a graphical tool
used to define complex processes. An example was presented and
showed the applicability of PAD's to the design of Flexible

Manufactu ;ng Systems (FMS). It was shown that the manufacturing

———

process can be defined in terms of Activity Sequence Nets (ASN)

———

that describe manufacturing subprocesses in a step-wise refine-

ment manner. From these ASN’s, the required set of manufacturing

e —
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— _ractivities can be identified and can be mapped onto the required
sets of Flexible Manufacturing Cells (FMC) that are used to
implement the various subprocesses. It was also shown that for
each FMC activity to be executed, the e}ements required can also
be identified. Using the methodology presented in chapter 4 for
FMC design, these elements can be iﬁtegrated into a programmablé
and coordinated FMC. Furthermore, it was shown that by defining
thé manufacturing subprocesses using ASN’'s, the sets of FMC's can

be iﬂtegrated into a FM$. ‘ -

Integration can be/déne in different ways dependiqg on pro-
duction redhifements. The FMS for single lots ‘schemes can be
cpntrolled by a single ASN MANAGERS, or a number of ASN MANAGERS
and a ASN SEQUENCER. This type of FMS controller is applicable to
large production run FMS’s with few change-overs. The FMS multiﬁ
ple lots schemes reguire more complex controllers and require

- FMC’'s that can be dynamically reconfigurable to twu_allow them to
execute actiﬁities for different lots. Multiple lots schemes are
more applicablg to FﬁS’s with smaller production runs in which
change-overs occur often and/or to FMS’s in which a number of

— different products are manufactured simultanecusly.

- Because timing data about actual manufacturing activities for
PCB manufacturing could not be obtained, the full potential of -
PAD’s,.specif}gally including ATC's, was not completely de-
monstrated to show how the best throughput could be found, or

what could be the best resource allocation. By using the activity

execution times inecluded in the ATC’s, the manufacturing engineer
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can verify the tiﬁing requirements of all tﬁg production steps at

the design stage. In this_way, performance boftlgﬁécks can be

determihed and avoided by selectively improving act;yity execu-

tions using higher performance FMC's where needed, by allocating

more resources to the execute the activities in tandem, or by

partitioning if possible, a complex fﬁc activitf among several
.LFMC s,

In large productioﬁ runs, the flow-phrough can be maximizéd
by using or gllocating a number of resources at_the bottleneck
peints. In smaller production runs, a method similar to. job-shop
scheduling can be uséd‘to allocate resources in an optimal way .
for different products. Both the above aspects requrre'more
detailed investigation. For simple systems with féw resources, it
“I's believed that PAD’s can be used éo do reasonable job-shop
scheduling with some effort. For more comple; systems, more
advanced tékhniques and deeper analysis on dynamic resource allo-
qation must be done, and is beyvond the scope of this thesis. A
special case of sucb an analy§is is the effect ©of changing pro-
duct priorities, in which a product in the line gets a higher

rriority and must be manufactured in the needed lot size' ahead of

the original delivery schedule.
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Conclusions and Further Researgh

In this thesis a methodology for integrating'maﬁufacturing
elements into a Flexible Manufé;;uring System (FMS) was pre-
sented. The approach allows low production run FMS S to be de-
51gned w1thout expert personnel using PAD’s. PAD's allow the
manufacturing engineer to specmfy the manufacturing proc:ss in a
top down fashion by successive refinement using Activity Sequencq\
Networks (ASN), a component of PAD's, consisting of a small
number of easy to learn elements. ASN resemble flow dlagrams

which are familiar to manufacturing engineer. and therefore can be

easily learned and used to define manufacturing processes.

. s .
Once the manufacturing processes are defined in terms of

ASN’s, the set of Flexible Manufacturing Cells (FMC) required to

implement the necessary machining and assembly activities can be

identified. A methodology was presented to integrate the manufac-

turing elements of the FMC’'s into a programmable unit, based on
the shown mechanical equivalence of an FMC to a computer. The
method allows elements f:gm different sources to be integrated
info a cdordiggtea FMC that can be programmed at the task level.

To this end, a cell level language with failure handling capabi-

P .
: 3

lities was proposed.

With the aid of ASN’s, FMC’'s can be integrated into a coordi-
nated FMS that implements the manufacturing process for different

manufacturing schemes and requirements.
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~-

Furthexr Research . ) . - ..

.
This thesis only considered the feasibility of the methodolo-

gy presented, and several notions and ideas must be transformed

.

into a proper toolset. -
PAD Editor _ ‘ - o

An editor must be developed to capture PAD’s in graphical
form. Tﬁ;s editor must have access to design and méﬂufacturing
data from a cdmmon data-base. There exists a simple matrix editor
[DURAB7] for enfering and ﬁodifying ASN’'s which also érovides
limited syntax checking. This editor is eﬁpected to be interfaced
with a symbolic graphical editor, SYMED [BURG86], developed as

part of the Advanced Real Time Tools (ARTT) project.
Simulator o .

Furthermore, a.full fledged simulator must be developed which
can help to verify the various defined processes, and which check
for possible bottlenecks. The simulator must also allow the user
to explore better allopation of resources. A basic simulator was
de%floped in [JOAN86]. Toc make the simulator more applicable to
Fﬂé design, a more com;lex scheduler must be developed that
allows different scheduling algorithms to be evaluated. Such a#

simulator should also allow the investigation of the effect of

buffering in the product transfer system.
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Programming

-

Another area oﬁ interest that must be explored is that of FHE-
ﬁrogramming. Aimore product oriented language could be developed
and various automated programming techniques considered. Also, -~
there is a need_to design a more general purpose'FMC coordinator
that can be easily'ihtegratgd with existing element controllers.
A possible architedtuéé could be based on new ihterface standards -
such as MAP. Also the notion of using objeéz oriented programming
approaches to FMC programming must be investigated. The objects
themselves could bekdefined with their ‘methods’ which describe,\
for examplgl how they can be mated to other objects. The whole
concept of ‘inheritance’ may-also ha@e a far reaching impact in

terms of group technology.

-

In conclusion, this thesis presented a top-down approach to
a .
FMS specification and coordination that also permits straight-
_forward product change-over. This approach is applicable to va-

rious production run sizes and to multiple product manufacturing.

‘.
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- Appendix

In this Apﬁendix, a copy of ﬁhree publications written during
the course of research showing the evolution of this thesis. They

are l%sted in the Biblfbgfaah{\iffj% [PICH83]), (PICH84], and
[PICHB6E].
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