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CHAPTER 1 

COM PUTER-INTEGRATED 
MANUFACTURING 
INTROD UCTI 0 N 

The importance of computer-integrated manu- 
facturing (CIM) to the future of U.S. manufactur- 
ing cannot be overstated. It is a key ingredient in 
improving the productivity, efficiency, and profit- 
ability of the U.S. industrial base and in regaininga 
competitive position in the world marketplace. 

Computer-integrated manufacturing is the view 
of manufacturing that recognizes that the different 
steps in the development of a manufactured prod- 
uct are interrelated and can be accomplished more 
effectively and efficiently with computers. These 
relationships are based not simply on the physical 
part or product being produced but also on the 
data that define and direct each step in the process. 
Controlling, organizing, and integrating the data 
that drive the manufacturing process through the 
application of modern computer technology effec- 
tively integrates all the steps in the manufacturing 
process into one coherent entity. Such integration 
should yield efficiencies not possible from a more 
segmented approach to manufacturing. 

Although CIM implies integrating all steps in 
the manufacturing process, in practice many com- 
panies have achieved significant benefits from 
implementing only partial CIM systems (those in 
which only some manufacturing steps are inte- 
grated). In fact, it is likely that no company has 
achieved full integration to date. Both situations- 
those in which all or only some manufacturing 
sequences are integrated-are accurately called 
CIM systems. 

DEFINITION OF CIM 
To translate CIM from a manufacturing theory 

to a manufacturing tool, a comprehensive defini- 
tion is required. The interrelationships that exist in 
any manufacturing environment are many. Tech- 
nical disciplines such as design engineering and 
manufacturing engineering interact; departmental 
issues such as marketing schedules and production 
schedules interact; and business interests such as 
financial concerns and strategic concerns interact. 
All these relationships and many more must be 
part of a workable definition of CIM. 

The National Research Council defines CIM as 
follows: 

CIM includes all activities from the percep- 
tion of a need for a product; through the con- 
ception, design, and development of the prod- 
uct; and on through production, marketing, 
and support of the product in use. Every action 
involved in these activities uses data, whether 
textual, graphic, or numeric. The computer, 
today’s prime tool for manipulating data, offers 
the real possibility of integrating the now often 
fragmented operations of manufacturing into a 

single, smoothly operating system. This ap- 
proach is generally termed computer-integrated 
manufacturing. 

Because of the complexity of CIM, some organ- 
izations that promote the understanding and 
implementation of CIM have found it useful to 
define CIM graphically by diagramming how 
technologies and disciplines work together as a 
unified whole. One of the most inclusive represen- 
tations is the CIM Wheel developed by the Com- 
puter and Automated Systems Association of the 
Society of Manufacturing Engineers (CASA/ 
SME), as in Fig. 1-1. 

The CIM Wheel is composed of five fundamen- 
tal dimensions: (1 )  general business management, 
(2) product and process definition, (3) manufactur- 
ing planning and control, (4) factory automation, 
and ( 5 )  information resource management. Each 
of these five dimensions is a composite of other 
more specific manufacturing processes that have 
shown a natural affinity to each other. As a result, 
each dimension is seen to be a family of automated 
CI M processes that has emerged naturally because 
of an affinity among what used to be independent, 
stand-alone “islands of automation.” 

The general business management family of 
processes is arrayed around the periphery of the 
Wheel. Although seen as an integral part of the 
manufacturing enterprise, this family of processes 
was viewed as being the primary link between the 
rest of the enterprise and the outside world. The 
general business management family of applica- 
tions includes a wide range of automated processes 
from general and cost accounting to marketing, 
sales, order entry, human relations, decision sup- 
port, program scheduling, cost status reporting, 
and labor collection. 

The second, third, and fourth families have 
been arrayed as thirds of the inner circle of the 
CIM Wheel. The processes represented in these 
families, however, do not occur in series, moving 
clockwise from the product and process definition 
dimension. In reality, all these activities are hap- 
pening at the same time. It is important to recog- 
nize that even though the individual processes in 
each family of manufacturing processes have a 
natural affinity for one another, they also are 
closely tied to processes in other families repre- 
sented in the Wheel. Most of the interfamily inte- 
gration occurs through information resource man- 
agement, the Wheel Hub. Because of the way the 
technology has grown in most manufacturing 
environments, interfamily integration is much 
more difficult than intrafamily integration. 

In many ways, the hub is the most difficult part 
of the Wheel to comprehend. It has to do with a set 
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of functions that  are called information resource man- 
agement (I R M ). 

At the heart of CIM information resource management is 
the concept of data management. Manufacturing productivity 
is believed to  be linked to  the notion of shared or common data, 
especially between engineering and manufacturing. One of the 
objectives of CIM information resource management is to 
break down the walls that have traditionally existed between 
those two organizations, rendering them, in effect, into one 
organization through a common database. There are basically 
two aspects to  CIM information resource management. One 
aspect is intangible and the other is tangible. The intangible (or 
logical) aspect is the information itself. The tangible (or physi- 
cal) aspect includes the tools of information such as the com- 
puters themselves and also the disk storage devices, printers, 
plotters, tapes, communication devices, operating systems, and 
terminals that are used to  store, exchange, and process the 
information. 

INDUSTRIES IN THE FOREFRONT OF 
CIM IMPLEMENTATION 

The first industries to take advantage of the potential bene- 
fits of partial CIM implementation were aerospace, off-highway 
equipment, electronics, and automotive, as well as several 
government facilities. Although the relative size of the com- 
panies within these industries varied, as did the number and 
type of products produced, they all had pressures to be competi- 
tive, productive, and responsive. The early participants were 
companies with the knowledge and the resources to invest in a 
new methodology. They believed in CIM and planned a system- 
atic approach to its implementation. In addition, the more 
successful companies had specific improvement areas that were 
targeted. To this day, larger companies have more readily 
accepted CIM, although the benefits of CIM apply equally to 
smaller manufacturers. 

Although no company has successfully implemented CIM in 
its entirety, many companies have made great strides toward 
that goal. In fact, partial CIM systems have proven very cost 
effective for many manufacturers. Partial CIM systems may be: 
those in which a number of key functions are supported by 
stand-alone computer systems or are still performed manually; 
those in which there is only some shared data and it is not widely 
shared throughout the organization; or those in which the 
integration is limited to linking only some of the functions of 
engineering, design, manufacturing, marketing, purchasing, 
and distribution. Essentially all CIM systems today fall into the 

Fig. 1-1 The CIM Wheel emphasizes that CIM encompasses the total 
manufacturing enterprise. ( C A S A  ISME)  

latter category. For many companies this is a useful and viable 
solution that is usually easier to implement and less expensive 
than full CIM implementation. 

A 1984 study by the Committee on the CAD/CAM Inter- 
face, formed by the Manufacturing Studies Board of the com-  
mission on Engineering and Technical Systems of the National 
Research Council, described the experience of leading com- 
panies that have made significant progress toward integration. 
In this study, the CIM efforts of five companies were examined. 
The benefits realized by these companies during the integration 
process are shown in Table 1-1. These results are preliminary, 
representative of 10 to  20-year efforts a t  integration. Further 
benefits are expected to accrue as companies approach full 
integration. 

TABLE 1-1 
The Benefits of CIM Implementation 

Reduction in engineering design cost 15-30% Increased productivity of production 40-70% 
Reduction in overall lead time 30-60% operations (complete assemblies) 
Increased product quality as measured by 2-5 times Increased productivity (operating time) of 2-3 times 
yield of acceptable product previous capital equipment 

level Reduction of work in process 30-60% 
Increased capability of engineers as measured 3-35 Reduction of personnel costs 5-20% 
by extent and depth of analysis in same or  less 
time than previously 

times 

1-2 



CHAPTER I 
~~~ 

CIM TECHNOLOGIES 

CIM TECHNOLOGIES 
The technologies or building blocks that comprise CIM are 

discussed in this section in four groups: ( 1 )  those that relate to 
the beginning of the product cycle, (2) those that relate to the 
physical manufacture of the product, (3) those that plan and 
control the manufacturing process, and (4) those technologies 
that tie all the others together. It is important to remember that 
although each technology is discussed as an entity, its operation 
in a CIM environment enhances the benefits the technology has 
to offer a manufacturer. 

BEGINNING THE PRODUCT CYCLE 
Computer-aided design (CAD) is the principal technology 

that begins a product design cycle. Computer-aided design 
actually comprises a number of technologies involved in the 
creation and analysis of a design-whether that design is a 
three-dimensional part to be machined, a printed circuit board, 
or a plant layout. In the CIM environment, the design data 
generated on the CAD system is used by other CIM technolo- 
gies in the manufacture of the product. 

Computer-Aided Design 
Computer-aided design equipment allows a designer to 

create images of parts, integrated circuits, assemblies, and mod- 
els of virtually anything else-from molecules to manufacturing 
facilities-at a graphics workstation connected to a computer. 
These images become the definition of a new design, or the 
modification of an existing one, and are assigned geometric, 
mass, kinematic, material, and other properties simply by the 
user interacting with the computer. 

The image on the screen replaces the paper on the drawing 
board. The data that describes and defines the geometry dis- 
played on the screen is calculated by the computer and stored in 
the computer’s database. CAD allows the designer to be more 
creative by making it easier to experiment with many different 
designs and to be more efficient by using existing design data 
already stored in the same computer database. 

In simpler applications, CAD reduces the amount of paper- 
work for drafting and design. Complete engineering drawings 
can be created without ever lifting a pen. The savings in drafting 
time and expense alone have often paid for a CAD system in a 
very short time. More important than the reduction in the direct 
cost of drafting is the reduction in the possibility for error that 
exists when different versions of a drawing are circulating 
throughout an organization. 

Mechanical CAD systems. Mechanical design software 
allows a user to translate ideas on a product design into a 
geometric model of that design through the use of interactive 
graphics. The model can be created in two, two and one half, or 
three dimensions, depending on the capability of the CAD 
system and the type of part to be modeled. While two dimen- 
sions are usually adequate for flat parts, two and one half give 
more information for parts that don’t need the side walls 
detailed; the most sophisticated modeling is done in three 
dimensions. Three-dimensional models are required to describe 
the three-dimensional features of most mechanical parts. Three 
dimensional capability is also necessary for multi-axis machin- 
ing, and gives better accuracy in later NC programming. 

Geometric information is stored in a database that can then 
be used for other manufacturing functions by other software. 
The geometric database is critical to the implementation of the 
CIM concept through proper database and data flow manage- 
ment. In the ideal CIM environment, the same data that des- 
cribes one part, for example, can be used to create the sequence 
of operations that will make that part; the data can be used to 
design the fixtures that will hold the part; and the data can input 
other programs to aid in scheduling shop floor operations or in 
ordering raw materials. In other words, the data can be used not 
only by design engineering, but by manufacturing, administra- 
tion, purchasing, and maintenance personnel. And because that 
data is entered once and is invariant, the opportunity for error 
throughout an organization is dramatically decreased. 

Solids modeling is a relatively new feature of CAD systems. 
This capability goes well beyond the visualization of a solid 
shape on the screen. Solids modeling provides the most com- 
plete geometric and mathematical description of a part geome- 
try possible to date. This data is particularly important if the 
model is to be used as the basis for computer-aided engineering 
(CAE), for generating mass properties of the part, or for gener- 
ating the NC data to machine the part. 

Electrical/electronics CAD systems. The electrical/ electronics 
design area includes the printed circuit board (PCB), integrated 
circuit (IC), large scale integrated circuit (LSI), and very large 
scale integrated circuit (VLSI) industries. As recently as 5 years 
ago, this area was served mostly by some of the two-dimensional 
CAD systems available. These systems largely concentrated on 
the layout of these electronics devices. Since that time, the 
electronics CAE industry has emerged to address the more 
complex tasks associated with electronic design. 

Traditional CAD systems for electronics design handled the 
schematic capture, component placement and routing, and the 
generation of the artwork as well as the necessary documenta- 
tion. Circuit analysis and simulation was done on a mainframe 
computer or by hand. Today’s electronics CAE systems can 
encompass all the tasks involved in electronics design, from 
circuit design to analysis, design verification, and simulation. 
The ability to handle the complete design cycle, plus the flexibil- 
ity of analyzing different designs, determining the cost differen- 
tial associated with substituting different components in a 
design, is driving the market from CAD to CAE. 

Architecture, engineering and construction CAD systems. 
CAD systems applied to architectural applications provide the 
tools to model a design concept, produce the architectural 
production drawings, perform space and facilities planning, 
produce the contract drawings, and to produce schedules and 
bills of materials that are required for the electrical, plumbing, 
and structural work in a facility. 

Technical publications. Technical publications is a growing 
area of importance for CAD systems. Almost every manufac- 
turer is faced with the need to provide technical documentation 
on products, write proposals for sales or other business activi- 
ties, and to publish product literature as well as annual reports. 

Specialized software allows a CAD system to take a design 
(a product design or an illustrated parts breakdown) that 
resides in the CAD engineering database, merge that design 
with text on the CAD screen, and through this merger, develop 
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the exact format of a document that can then be printed out on a 
laser printer or sent to  a phototypesetter for subsequent pub- 
lishing. CAD system software exists that also allows business 
graphics to be generated and halftone photographs to be 
merged with text. 

Computer-Aided Engineering 
Computer-aided engineering (CAE) is the technology that 

analyzes a design and simulates its operation to  determine its 
adherence to  design rules and its performance characteristics. 
Today, CAE is almost two separate technologies: one is CAE 
applied to  mechanical design and one is CAE applied to elec- 
tronics design. Common elements, however, d o  exist. Both of 
these subdivisions involve subjecting a design to extensive 
analyses, simulating its performance, and verifying the design 
against physical laws and/ or accepted industry standards. But 
the differences that lie in performing these steps on a mechani- 
cal design and on an  electronics design are quite significant. 
Until recently, different companies supplied CAD software and 
systems for mechanical CAE and electronics CAE. In fact, the 
growing demand for electronics CAE spawned a new industry 
with new participants and new hardware/ software concepts. 

Mechanical CAE. As was mentioned previously, mechanical 
CAE takes the mechanical part design and subjects it to a 
variety of engineering analyses. While analyses have been per- 
formed by computer for many years (CAE is actually the oldest 
aspect of CAD), the preprocessing required to  put design data 
in an  acceptable form for a computer was a lengthy procedure. 
With computer assistance, these techniques are easier and faster 
to execute. Color graphics also simplifies interpretation. 

Mechanical CAE programs include finite element analysis 
(FEA) to evaluate the structural characteristics of a part and 
advanced kinematics programs to study complex motions of 
linkages and mechanisms. Other programs might evaluate 
thermal stress or fluid mechanics. The CAE analysis data may 
be displayed in graphic form. 

The ability to  design a part and test it before ever cutting a 
piece of metal has obvious economies. Less tangible are the 
benefits in design freedom, the benefits of allowing a designer 
the flexibility to look at several alternate designs, and the ability 
to  use existing designs of similar parts stored in the same 
computer database. The more critical the structural integrity of 
the product, the more important is the use of mechanical CAE 
technology. 

Electronics CAE. If CAE is an option in mechanical design, 
CAE is a necessity in electronics design. It would be impossible 
to design a complex integrated circuit without the benefit of a 
computer. And more and more, complex printed circuit board 
designs are being captured and simulated on CAE systems. 

Electrical/ electronics CAE capabilities include design cap- 
ture, design verification, functional simulation, circuit simula- 
tion, timing verification, and netlist generation. Each one of 
these technical analyses are required to make sure that a printed 
circuit board or a VLSI operate properly. These functions had 
traditionally been performed by computer, but until recently on 
a mainframe in a batch mode. CAE systems provide the engi- 
neer with the ability to interact with the design and see the 
effects in a graphical form. 

Computer-Aided Process Planning 
One of the bigger hurdles that ClM must overcome is closing 

the gap between CAD and CAM. Technologies exist to mini- 
mize this hurdle, one of the most important being computer- 
aided process planning (CAPP). 

Computer-aided process planning systems are, in effect, 
expert systems that capture the knowledge of a specific manu- 
facturing environment plus generic manufacturing engineering 
principles. This knowledge is then applied to a new part design 
to  create the plan for the physical manufacture of the part. This 
plan specifies the actual machinery employed in the part pro- 
duction, the sequence of operations to  be performed, the tool- 
ing, speed and feeds, and any other data that is required to 
transform the design to  a finished product. To use CAPP most 
effectively in a CIM environment, the design should originate 
on a CAD system and be electronically transferred to the CAPP 
system from the database. 

C A P P  draws on the geometric model of the part to  be 
produced, generated in the CAD system, and matches the char- 
acteristics and components of that part to  the production 
machinery on the factory floor. This technology will develop 
the process sheets or routings needed to manufacture a part. 

Because a computer-aided process planning system contains 
information on all parts being produced at  any given time, it is 
able to contribute to more efficient machinery utilization. 
Because CAPP determines how a part will be made, it is a factor 
in determining the cost of manufacturing the product. 

A CAPP system will provide a set of instructions on how to 
make a part, in what sequence the process steps shall be exe- 
cuted, and what machines, tools/fixtures, workcenters, and 
labor skills will be required. A process planning system, manual 
or automatic, must be constantly updated to  reflect a com- 
pany’s total manufacturing capability. Process plans must 
change as, for example, new machinery is procured and new 
quality control procedures or robots are introduced. 

Computer-aided process planning systems are of two basic 
types: variant and generative. The variant method of process 
planning is the most commonly used method today. This 
method develops a process plan by modifying an  existing plan 
that is selected using group technology principles, namely cod- 
ing and classification. Some form of parts classification and 
coding is essential to expedite the location of previously devel- 
oped plans, which are to be adopted as is or modified and 
adopted, and to specify the processing plan for a new part. 

Generative process planning systems incorporate into their 
database a body of manufacturing logic, the capacities of exist- 
ing machinery, standards, specifications, and the like. Based on 
the part description (geometry and material) and finished speci- 
fications, the computer then selects from this stored knowledge 
the optimum method of producing the part and automatically 
generates the process plan. 

MANUFACTURING 
THE PRODUCT 

The physical manufacture of a product involves a number of 
interrelated technologies. By using CAD and CAE to create and 
analyze the design and by using CAPP and G T  to organize, 
plan, and control the individual manufacturing steps, the 
manufacturing enterprise must now control the processing of 
the physical materials that will become a product or a part. 

The production process is complex. Raw materials, fixtures, 
tools, or components must be delivered to  the specified produc- 
tion machinery in a timely fashion, dictated by a production 
control system. Materials and/  or components must be accu- 
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rately loaded and fixtured, if necessary, onto a machine bed or 
other work surface. The production machinery itself must be 
properly tooled for the part to be made, and it must have 
directions on how to perform the required operation. After 
machining, assembly, or whatever other operation is per- 
formed, the finished or semifinished part must be moved to the 
next logical step in its production, be that another machine 
station, a test stand, a packaging operation, a loading dock for 
shipment, or a storage location. 

In an  automated environment, all these operations must be 
monitored and controlled. Progress, as well as discrepancies, 
through the production process must be reported, at least in 
summary fashion, to manufacturing management. 

Unlike the design technologies, which are predominantly 
software related, the physical manufacturing or production 
operations are a combination of hardware and software. The 
hardware has been around for as long as manufacturing has 
existed. Refinements have advanced conventional machine 
tools into complex machining centers or flexible manufacturing 
systems (FMSs), lift trucks into automated guided vehicles 
(AGVs), and shop floor data collection devices from clipboards 
into data entry terminals and bar code readers. 

Manufacturing Machinery 
Manufacturing machinery encompasses machine tools, 

manufacturing cells, flexible manufacturing systems, auto- 
mated assembly equipment, transfer lines, and inspection 
equipment. 

Machine tools include machinery for metalcutting opera- 
tions such as drilling, milling, and boring and for metalforming 
machinery such as presses, forges, and extrusion machinery. 

Manufacturing cells and flexible manufacturing systems are 

so closely related that it is difficult to discuss them separately. 
Computer technology was first applied to very high volume and 
very low volume production operations. High-volume repeti- 
tive manufacturing implemented “hard automation,” typified 
by automotive transfer lines. Low-volume aerospace-type 
industries were pioneers of numerically controlled machine 
tools. The middle ground of manufacturing, with volumes too 
high for stand-alone machine tools and too low for dedicated 
automation systems such as transfer lines, went for a long time 
before adapting existing automation technologies to  its particu- 
lar production requirements. 

Historically, machining cells are small groups of machine 
tools linked by material handling equipment. All elements of 
the cell may be computer controlled, and the individual controls 
may be able to communicate with each other as necessary to 
coordinate the operation of the cell. It-is possible to  have a cell 
of co-located machines with manual material transfer and 
without common computer control, although current usage of 
the term machining cell most often refers to more automated 
configurations. A manufacturing cell may or may not have a 
central control, depending on its complexity. In most cases, 
cells are configured to  machine/ process a variety of parts in a 
batch mode. Lot sizes are typically small to  medium. 

Flexible manufacturing systems, like manufacturing cells, 
are groups of computer-controlled machine tools linked by an  
automated material handling system, controlled by a common 
supervisory computer control, and capable of processing parts 
in random order. Variations in the parts handled are accommo- 
dated by the FMS machinery directed by the supervisory con- 
trol. Figure 1-2 illustrates a typical F M S  installation that com- 
bines machining centers with head-indexing machines. 

The successful implementation of the concept of flexible 
manufacturing involves proficiency not only in the level of 

Small machining centers (off line) Load/unload areas 

Large machining centers 

Fig. 1-2 Plan view of typical flexible manufacturing system (FMS). Large machining centers and head-indexing machines are linked through an 
automated fixture cart transportation system under computer control. NC part programs are downloaded to CNC machining centers from memory of 
the central computer. (Kearnqv & Trecker Corp.) 
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integrating the physical material or part processing (machining 
and transporting), but in the level of integrating the information 
flow that determines the physical operation of the system. For 
optimum efficiency, the operation of an  FMS is integrated into 
a broader automation environment. In this environment, which 
is not yet a reality, parts to  be produced are designed on a CAD 
system that produces both the bill of materials to allow a 
manufacturing management and control system to schedule 
production and the NC part programs to accomplish that pro- 
duction. Also part of that environment is feedback from the 
FMS to management on the quality and productivity of the 
system’s operation. 

Auxi I iary 
Manufacturing Machinery 

Auxiliary manufacturing machinery is the machinery that 
enhances the efficiency of machine tools and assembly equip- 
ment by coordinating material movement and machine loading 
and unloading so that the overall production flow is smooth. 
These technologies include automated material handling 
equipment and robotics. 

Automated material handling is the technology that is 
responsible for the physical integration of the production proc- 
ess. It includes the computer-based systems that store materials 
and parts before, after, and sometimes during processing and 
the systems that transport materials, parts, and assemblies from 
the time they enter the plant, through the various production 
stations, and until they leave the plant as finished assemblies or 
products. As such, this technology plays a very important role 
in a CIM environment, a role that is very often underestimated 
and undervalued. 

The principal system that automates material storage in a 
manufacturing environment is the automated storage and 
retrieval system (AS/RS). These types of systems are the 
modern counterparts of storage racks and storage bins. Adding 
computer control to the storage function permits faster re- 
trieval, more efficient use of storage space, buffer storage to 
feed machine tools, and, most importantly, better control. 

On the transportation side of automated material handling, 
there are many technologies such as automated guided vehicles 
(AGVs), conveyors, towlines, and cart systems. Automated 
guided vehicles are not constrained in their movement by rigid 
travel paths (chains or tracks in the floor) and therefore have the 
potential to  contribute more to  a modern manufacturing envir- 
onment where flexibility is important. 

Automated storage and retrieval systems. Automated stor- 
age and retrieval systems fall into two categories based on their 
size and the size of the goods they store. The larger high-rise 
A S / R S  is often referred to as a unit loader, while smaller 
versions that handle binnable materials are called miniloaders. 
Storage carousels are similar in concept to AS/ RS. They are 
often used for tool, fixture, and fastener storage. 

An AS/ RS is really a rack into which parts are loaded and 
from which parts are unloaded automatically. It typically con- 
sists of input/ output staging areas, the storage/ retrieval (S/ R) 
machines which shuttle loads in and out of storage, the control 
system, and the storage racks themselves. Some system designs 
require humans to perform the picking function (physically 
removing material from a rack), but the state of the art is the 
unmanned system. Newer systems make use of bar code readers 
and optical character readers to identify the correct load to be 
picked. Stored parts may be palletized or placed in bins or pans. 

The devices that service the input/ output staging areas may 
be conveyors, lift trucks, automated guided vehicles, or other 
transport devices. It is important that these devices mesh well 
with the operation of the AS/ RS to get the maximum efficiency 
from the system. The size and configuration of the AS/ RS and 
of the individual storage compartments in it are customized to  
the specific installation. 

Control of an AS/RS can vary widely. A manual input 
station controls storage and retrieval through prepunched cards 
or pushbuttons. In a more sophisticated system, AS/ RS con- 
trols can be a combination of computers, microprocessor con- 
trols, and programmable controllers working together under a 
supervisory control, which is normally a computer. This type of 
system not only controls the moving of loads in and out of 
storage, but can provide a host of data to  other computers for 
managing inventory, for coordinating other plant activities, or 
for providing management information systems. 

Automated guided vehicles. Automated guided vehicles 
(AGVs) are driverless trucks that operate under computer con- 
trol. Most systems in use today follow a path defined either by a 
wire embedded in the plant floor or by a reflective stripe of paint 
or tape. Because of the computer control, they are able to  
interface automatically with a variety of other factory floor 
equipment, including machine tools, production machinery, 
the AS/ RS, and robots. Their principal advantage is that AGVs 
are able to move over “flexible” routes to deliver materials. 

Guided vehicles can perform a variety of tasks in a factory 
environment. They can be used to tow trailers that hold rolling 
loads up to  50,000 Ib (25 tons) or they can be used as unit load 
transporters and carry loads up to 12,000 Ib (6 tons). Lift tables 
can be built into some AGVs to increase their flexibility in 
delivering loads; some vehicles can place loads in elevated stor- 
age locations, up to 30’ (9 m) high. Vehicles with integral 
forklifts can transport pallets. Vehicle controls can trigger other 
activities such as opening doors or signaling elevators, if 
desired. AGVs can be either unidirectional or bidirectional. 

Robotics. Robotics technology is one of the most versatile of 
the CIM technologies. Robots can function as material han- 
dling devices to load and unload machinery; they can function 
as manufacturing machines to  perform machining, painting, or 
welding operations; equipped with vision capabilities, they are 
performing assembly operations for small parts manufacturing, 
particularly in the electronics industry, and in inspection tasks 
for a variety of industries. 

Robots d o  not function alone; they must be integrated into 
plant operations. To be most successful, their operation must be 
integrated with other computer-based systems in the plant. 
Integration, even the limited systems development required to 
load and unload a machine tool, takes planning to be most 
effective. That simple operation must fit into an  overall manu- 
facturing strategy that governs production flow. Robots are 
very flexible, but a company must be ready to use that flexibil- 
ity properly. 

Within the concept of CIM, robots serve many functions. 
They are both manufacturing machinery and auxiliary manu- 
facturing machinery. They range in complexity from very 
simple pick-and-place types to complex, sensor-based systems. 
They are an integral part of computer-aided manufacturing and 
of automated material handling. Their operation in a manufac- 
turingcell or FMS can be simulated on some CAD systems, and 
some robotic programming can be performed on some CAD 
systems. Newer developments in programming languages will 
allow the robot and the workcell in which it operates to be 
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programmed at the same time. Clearly this has the potential to 
simplify workcell programming and improve the cell perform- 
ance. In this environment, the robot control, like a machine tool 
control, can be linked with other controls in a DNC-type ar- 
rangement. 

Controls for Manufacturing Machinery 
Computer control enables manufacturing machinery to 

communicate and coordinate its activities with other computer- 
based systems in the CIM environment. A variety of control 
types exist; all rely on the power of the microprocessor. Micro- 
processors allow sophisticated controls to be small enough to be 
embedded in machinery if required, to  operate on the factory 
floor, and to communicate the status and performance of the 
equipment they control to  other machine controls on the floor 
and to supervisory-level control systems. 

Computer numerical control. Computer numerical controls 
(CNC) are outgrowths of the hard-wired numerical control 
systems first developed in the 1950s. Today the terms NCand 
CNC are used interchangeably. 

Although the addition of a computer added considerably to 
the capability of NC control, the basic function of the systems is 
the same: to control the operation of a machine tool through a 
series of coded instructions that represent the tool path to be 
followed, the depth of cut, coolant flow start, tool change, the 
machine speeds and feeds associated with the operation, and 
emergency stop. NC and CNC took some of the art out of 
machining and put it in the machine control so that repeatabil- 
ity and consistency were achievable from part to part. 

Modern CNC technology can go beyond controlling a single 
machining sequence on a particular workpiece to encompass 
multimachining operations. It can direct an automatic tool- 
changer to replace a cutting tool in preparation for the next 
operation. Instructions are also included that trigger the opera- 
tion of a robot to load and unload the workpiece and then signal 
to the cell controller the successful completion of the operation, 
the condition of the cutting tool, the time elapsed, and a host of 
other data that can be used to refine the operation of the cell. 
Computer control has changed manufacturing technology 
more than any other single development. It introduced the 
concept of automated machine control. In so doing, it broke the 
ground that enabled manufacturing cells, FMS, robots, co- 
ordinate measuring machines, and programmable logic con- 
trollers to be developed. 

Distributed numerical control. Distributed numerical con- 
trol (DNC) is the outgrowth of direct numerical control, which 
is the concept of linking a computer containing the part pro- 
grams and associated information to the NC control attached to 
a machine tool. In this concept, the computer would download 
programs as needed. Unfortunately, computer technology was 
not as reliable in the early days, and if the DNC computer went 
down, so did the machine tool. 

Distributed numerical control is a much more practical con- 
cept because it connects several CNC machine tools to a higher 
level DNC computer. A DNC system allows all the part pro- 
grams for one facility to reside in one central location and be 
downloaded as required to  individual CNC machine tools. This 
arrangement facilitates management of part programs and part 
program revisions. At the same time, a DNC installation can 
allow data from the machine operation to be automatically 
passed to a higher level computer for management information 
and interaction. Such data can include production piece counts, 
machine downtime, quality control information, or part 
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computer 
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CAD system DNC computer 
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Machine tool Machine tool Machine tool 

Fig. 1-3 Typical distributed numerical control layout. 

program enhancements. Figure 1-3 depicts a typical DNC 
hierarchy. 

Programmable logic controllers. Programmable logic con- 
trollers are a very important control element in a factory auto- 
mation environment. PLCs are computers specifically designed 
to be rugged and to withstand the heat, dirt, and electrical noise 
that is endemic to the factory floor. PLCs originally replaced 
relay panels in the automotive industry and were primarily used 
as sequencing controls. Developed at  the request of General 
Motors Corp., they were designed to  be programmed in relay 
ladder logic so that they could be programmed and maintained 
by electricians. Built-in diagnostic capabilities further simpli- 
fied maintenance. 

The acceptance of programmable logic controllers was so 
strong that the devices were enhanced by more and more fea- 
tures, such as arithmetic functions, timing, data storage and 
processing capabilities, and subroutine capabilities. All these 
features made PLCs more computer-like. Newer higher level 
languages have replaced the ladder diagrams in some applica- 
tions, and sophisticated computer graphics provide a window 
into the operation being controlled. 

PLANNING AND CONTROLLING THE 
MANU FACTU R I N G PROCESS 

No matter how efficient the physical production operation 
appears to be with computer-aided machinery cutting and shap- 
ing metal, assembling components, and moving material and 
parts around, they may not add up to  real efficiency unless all 
these operations are planned, scheduled, and coordinated in 
view of the overall business objectives. The CIM technologies 
that perform these manufacturing management functions are 
manufacturing resource planning (M R P  11) and, more recently, 
just-in-time (JlT) systems. 

Manufacturing Resource Planning Systems 
Manufacturing resource planning systems have been called 

the central nervous system of the manufacturing enterprise. 
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Contained within these systems are the software modules that 
plan and schedule manufacturing operations, allow production 
and material schedules to be explored for better alternatives, 
monitor operations against the plan, allow operating results to 
be projected, and tie financial reporting to operating figures. 

These manufacturing systems allow management to control 
an entire organization and give management the timely infor- 
mation it needs to control and direct the organization in accord- 
ance with its established business plan. In a CIM environment, 
modern M R P  I 1  systems have the ability to  tie real-time infor- 
mation from virtually the entire business enterprise together- 
design engineering, manufacturing, accounting and finance, 
marketing, distribution-so that this data may be used to sup- 
port the overall business strategy. Relatively few of the installed 
systems take advantage of the full capabilities of the M R P  
11 software. 

The importance of such systems to successful CIM imple- 
mentation is obvious; through the data they generate, collect, 
and manage, M R P  I 1  systems establish and maintain links 
between the shop floor, the engineering department, and the 
front office. At this point in time, very few commercial M R P  I1  
systems have established direct links with CAD systems, NC 
programming, or CAPP. However, this integration is currently 
being discussed by most of the leading M R P  I 1  vendors. 

J ust - in -Ti me Systems 
Just-in-time (JIT) production, a technology related to  M R P  

11, has caused many U.S. companies to rethink their approach 
to material management; many have experienced significant 
benefits after adopting this philosophy. 

One of the basic tenets of J I T  is to  produce only what is 
needed when it is needed, thereby reducing inventory, particu- 
larly work-in-process (W IP) inventory, and inventory costs. 
Purchased parts or raw materials are delivered directly to  the 
production line, several times a day if necessary. Internally, one 
production area makes only as many components or subassem- 
blies as the next portion of the production operation can use 
that day or that shift. The philosophy turns inventory into 
products as quickly as possible. It's a 180" change from the 
philosophy of keeping a full supply of spare parts in storage just 
in case they were needed. 

To be successful, however, JIT requires close working 
arrangements with suppliers; quality must be assured because 
poor quality parts or materials result in manufacturing prob- 
lems, and J IT  allows no time for checking incoming parts. 
When properly applied, JIT can mean reductions of inventory of 
more than 75% and equivalent improvements in product quality. 

CONNECTING THE ISLANDS 
OF AUTOMATION 

The previous sections of this chapter have attempted to 
describe the CIM concept and how its component technologies 
fit into that concept. This section will discuss the technologies 
and the technological trends that are enabling integration to be 
realized. These technologies center around computer technol- 
ogy and telecommunications standards; trends include the drive 
toward integration of all business activities. 

Computing Technology 
Computing technology is the technology that integrates all 

of the other CIM technologies. Computing technology includes 

the range of hardware configurations as they are used in the 
CIM environment and the software-related functions that effect 
integration, namely, database management systems, link- 
ages between technologies, and telecommunications. Figure 
1-4 illustrates the control hierarchy in a manufacturing 
environment. 

The lowest level in the control hierarchy is the machine 
control level. This level consists of microprocessor-based prod- 
ucts that directly control machinery. These products can be 
PLCs or other microprocessor-based controls. 

The next level is the cell level. At this level, several machines 
act together, and although they may each have their own con- 
trol, their operation is coordinated by a central computer. At 
this level, the control computer may be a sophisticated PLC or a 
microcomputer. A small manufacturing cell is typical of this 
level of complexity. 

Moving up the control hierarchy is the area control. This 
computer will monitor the operation of an  area of a plant such 
as an  assembly line or a robotic welding line. These control 
products are typically minicomputers or superminicomputers. 
The VAX line of products from Digital Equipment Corp. is 
very strong at this level of control. The area computer can direct 
the operation of a number of controls. In turn, it can collect 
data from a number of operations and synthesize this data for 
transfer to a plant-wide computer, the next level of control. 

The plant-level computer serves more of a management 
function. Although planning must be done at several levels, the 
plant level has responsibility to plan and schedule shop floor 
operations. The plant-level computers collect operations data, 
including machinery and personnel performance data, and 
direct and manage maintenance operations. The process plan- 
ning system resides at this level also; however, it interacts with 
several other levels. 

At the top of the control hierarchy is the corporate computer 
wherein resides the corporate database and the financial and 
administrative programs that run the company. One of the most 
important functions of the corporate computer is to  organize 
the corporate database so that data can easily be stored, 
retrieved, and manipulated. 

Communications between systems is vital in a modern 
manufacturing environment. A hierarchy of computers that 
communicate with each other implies at least commonality in 
communications protocols. One of the most significant trends 
in computer and control communications is the recent initiative 
by General Motors Corp. to develop the Manufacturing Auto- 

Level 5 1 Corporate computer I 
Level 4 I Plant computer I 

I Level 3 
Area computer I 

Level 2 
Cell control 

I Level 1 
Machine control (PLCs) I 

~~ 

Fig. 1-4 Computer control hierarchy. (Arthur D. Little, Inc.) 
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mation Protocol (MAP). This subject is so important that it is 
discussed in a separate section in this chapter. 

Computer-Integrated Business 
Computer-integrated business is the logical extension of the 

trend toward communications and integration in a manufactur- 
ing enterprise. Considering that all the operations of a facility 
depend to  some degree on the same data, it is shortsighted to 
limit CIM-type activities to the design and manufacturing tech- 
nologies. If Dr. Joseph Harrington’s definition of computer- 
integrated manufacturing is accepted, then all business activi- 
ties, direct o r  indirect, that are involved in the transition of a 
product from concept to after-sales service are part of CIM. 
They are linked by the data that defines the business. 

MAP/TOP 
Computer-integrated manufacturing is the art of integrating 

computers into the manufacturing process. How well this inte- 
gration is accomplished is directly related to the quality of the 
communications network design. The Manufacturing Automa- 
tion Protocol and Technical and Office Protocol (MAP/ TOP) 
networking standards provide a framework that can be used to 
integrate computers, and the software which runs on those 
computers, into the manufacturing process. While MAP speci- 
fies functional network protocols for the factory floor, T O P  
specifies them for information processing in technical and busi- 
ness environments. Protocols are rules governing the interac- 
tion between communicating entities. 

Internal View of MAP and TOP 
MAP and TOP are the first network standards that conform 

to the OS1 seven-layer reference model introduced in 1977. This 
model presents a structure that can be used to organize the 
services provided by a network into seven layers or modules. 
The reason behind organizing the services into modules is that a 
module can be replaced as long as the functionality of the 
module is not compromised. For example, a network that 
conforms to  the OS1 model could use fiber-optics as the trans- 
mission medium in place of broadband without affecting the 
ability to detect and correct transmission errors. 

To  be as useful as possible, network protocols must provide 
a variety of services. These services are as follows: 

Allow the transmission of data between application pro- 
grams or processes on the network. 
Provide for control mechanisms between software and 
hardware on the network. 
Insulate programmers from the intricacies of communi- 
cating over the network. 
Be modular so that choices between alternate protocols 
can be made with minimal impact. 
Allow for communication with other networks. 

One of the first tasks faced by the International Organiza- 
tion for Standardization (ISO) was to produce a framework for 
the establishment of these standards. It agreed to  produce a 
layered model, with each layer representing a set of services so 
that the implementation of services a t  one layer could be 
changed without affecting the other layers. The seven-layer 
model for Open Systems Interconnect, or OS1 reference model, 
was proposed and eventually adopted by the ISO. 

As shown in Fig. 1-5, the layers are organized in a very 
specific way. The services provided by the model can be thought 

of as user services a t  the top layers: application, presentation, 
and session. The network services are provided by the bottom 
four layers: transport, network, data link, and physical. 

User services are those services that are concerned with 
providing a uniform method for communicating processes to  
use the network, a method of converting the way data is repre- 
sented on one device to  the way data is represented on another, 
and some means to  establish and control the dialog between 
communicating entities. 

Network services are those services that are concerned with 
the details of the network: control the flow of data between end 
systems, route messages, prioritize messages, access to  the net- 
work, represent data electronically on  the network, and physi- 
cally attach devices to the network medium. 

Services Provided by the Seven-Layer Model 
It is important to note that the seven-layer model is still 

functional even if the services provided by one or more layers 
are left undefined. The idea behind the use of a seven-layer 
model was that it could provide a path for migration toward 
OS1 compatibility for all networking systems then in existence, 
even though the layered network architectures that were avail- 
able at the time did not use all seven layers. 

Physical layer protocols. If devices are to  communicate with 
one another through a communication medium, some standard 
means must exist for connecting those devices to  the medium 
and for representing data electronically on that medium. The 
protocols governing attachment to  the medium and the 
modulation techniques are found in the standards for the 
physical layer. 

MAP and T O P  have chosen different protocols for the 
physical layer. The designers of the MAP protocols chose 
broadband coaxial cable as the preferred physical medium 
because of the superior immunity to  electromagnetic interfer- 
ence and multichannel capability found in this medium. Broad- 
band can best be thought of as a way to  guide radio waves along 
a piece of cable. Devices attached to  a broadband system 
transmit all messages at low frequencies and receive all mes- 
sages at  high frequencies. The conversion between low and 
high-frequency transmissions takes place at  a headend or trans- 
lation device. Broadband is the system used in cable television 
systems (CATV). 

The designers of the T O P  protocols took a different 
approach than that chosen by the designers of the M A P  pro- 
tocols. Because very few factories had networks in place (and 
those who did usually had broadband closed-circuit TV sys- 
tems), the MAP Task Force was free to  specify any medium it 
felt was appropriate. The designers of the T O P  protocols, on 
the other hand, were faced with a large installed base of base- 
band coaxial cable. The use of baseband simplifies the process 
of installing a T O P  network in those offices that are contem- 
plating replacing their existing network. 

Data link layer. In a networking method that uses a single 
communications medium shared between the devices on the 
network, a method must be specified for controlling access to 
the physical medium and for identifying stations on the net- 
work. Control mechanisms have to be found to  ensure that a 
station does not transmit more data than the receiver can digest 
at one time, and to  detect and recover from errors caused by 
problems on the physical medium. In the OS1 seven-layer refer- 
ence model, the standards for these areas are found in the 
standards for the data link layer. 
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The data link layer is organized into two sublayers: media 
access control (MAC) and logical link control (LLC). The 
MAC sublayer is concerned with controlling access to the 
medium; the LLC sublayer is concerned with the size of frames, 
or chunks of data transmitted on the network, and the priority 
of transmissions. 

Media access control. The standards for controlling access 
to the medium and for identifying stations on the network are 
functions of the MAC sublayer. There is a heated debate about 
whether this sublayer should be a part of the data link layer or 
the physical layer. The debate is really meaningless from an 
implementation point of view because the sequence of layers 
and sublayers is unaffected by the placement of the MAC 
sublayer a t  the top of the physical layer or the bottom of the 
data link layer. 

MAP and TOP use different protocols for controlling access 
to the medium. MAP uses a method called Token Passing on a 
Bus (specified in IEEE 802.4), while TOP uses Carrier Sense 
Multiple Access with Collision Detection (CSMA/ CD, speci- 
fied in IEEE 802.3). Once again, the reasons for the difference‘ in 
choices has to  do with the different environments where the 
networks will be used. 

Under the Token Passing on a Bus protocols, a special 
control frame called a “token” is passed from station to station 
on the network. When a station has the token, it can transmit 
messages on the network fora  preset time. Becauseaccess to the 
network can be determined by calculating the length of time it 
takes the token to be passed around the network, token-passing 
networks are considered deterministic. 

The T O P  standard, CSMA/CD, allows any device that 
wishes to transmit a message to d o  so at  any time, providing the 
medium is not busy. Because it is possible for two or more 
stations to  perceive silence (nonuse) on the medium at the same 
time, each station must listen to its own transmission to deter- 
mine if another station began transmitting at the same time. If 
another station also began transmitting, both stations detect the 
collision, cease transmitting, and wait a random amount of time 
before trying to transmit a second time. 

While CSMA/CD works very well on lightly loaded net- 
works, it can result in very long delays when the network is 
busy, because there will be fewer periods of silence, and the 
probability of collisions during nonsilence will increase. As a 
result, the network is nondeterministic; there is no way to 
predict how long it will take to transmit a message because 
access to the network is essentially random. 

CSMA/ C D  does have several advantages. If the network is 
lightly loaded, access can be instantaneous. Because the proto- 
cols that govern the access method are very easy to implement, 
the cost of connecting a station to  the network is considerably 
lower than the cost of implementing other access schemes. The 
designers of the TOP protocols felt that an access delay of a few 
seconds under heavy network loads is offset by the lowercost of 
CSMA/CD. 

Logical link control. The second sublayer of the data link 
layer is the logical link control (LLC) sublayer, which is always 
found in the data link layer. This sublayer is concerned primar- 
ily with frame size and access class, or priority. MAP and TOP 
both use the Class 1, Type 1 LLC protocols specified in IEEE 
802.2. Class 1, Type 1 allows the exchange of messages between 
stations without the need to first establish a connection and 
without flow control. 

The designers of the MAP protocols realized that some 
factory networking applications would need faster response 

times than could be achieved with the overhead of the full 
seven-layer stack. They designed an option to the MAP proto- 
cols that allows a station with a short, time-critical message to  
bypass the upper layers of the stack and interface directly to the 
data link layer. This high-performance option is known as 
enhanced performance architecture (EPA). The EPA option 
specifies Class 3, Type 3 LLC protocols that use single, frame- 
acknowledged services to achieve faster response times. 

Network layer. It is sometimes desirable for a device on one 
network to  communicate with a device on another network. 
This can happen in a large network that is divided into smaller 
subnetworks or when the communicating devices are on dif- 
ferent local area networks (LAN) connected by a wide area 
network (WAN). 

Because the addresses used at the data link layer (or more 
correctly, the MAC sublayer) are not sufficient for this purpose, 
there must be standards for accomplishing this internetwork 
routing over public data networks. The protocols that standard- 
ize the methods used for this global routing are found at the 
network layer. 

TOP and MAP both use the protocols specified in the I S 0  
internet standard 8473 for the network layer. This specification 
establishes formats for network addresses that are unique on a 
global scale and provides a base for resolving protocol differ- 
ences between different OS1 seven-layer networks as well as 
providing an  internetwork routing capability. 

Transport layer. There are often several routes a message 
can take to arrive at  its destination. It is not unusual in these 
situations for a portion of a message to arrive at its destination 
before earlier portions that took different, and longer, routes 
and thus were delayed in arriving at  their destination. In real 
life, this happens when a passenger’s luggage takes a different 
airline route than does the passenger. As a result, the receive 
buffer on a device attached to the network must be divided into 
frames, with each frame corresponding to an anticipated mes- 
sage packet. Some means must be provided to ensure that 
packets are not lost in transit or reassembled in the wrong order. 
The standards for these transport problems are addressed in the 
protocols for the transport layer. 

MAP and T O P  both use Class 4 transport protocols. Class 4 
is the largest and most complex class of transport protocols; it 
allows for connection establishment, data transfer, and connec- 
tion disestablishment. Class 4 handles flow control, detection of 
protocol data units that are missing or received out of sequence, 
and the transfer of a limited amount of expedited data. The 
specific options to the protocols are negotiated between stations 
during connect ion establishment. 

Session layer. Two communicating application programs or  
processes must have some means to create and control the 
connection between themselves. This control involves establish- 
ing, maintaining, and terminating the connection between the 
application programs. The standards for these services are 
covered in the protocols for the session layer. 

Both MAP and TOP specify the use of the session kernel 
protocols with the full duplex option at  the session layer. The 
session kernel contains the minimal subset of session layer 
functionality; it allows the establishment of a connection, the 
transmission of data over the connection, and the release, either 
orderly (normal) or through an “abort” service. 

Presentation layer. Different computer manufacturers use 
different sequences of binary digits to  represent characters and 
numbers. If an  IBM computer using EBCDIC wants to  talk to a 
DEC computer using ASCII, some translation must occur so 
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