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The automation of manufacturing functions can be use­
fully categorized as physical, control, and information
automation. Because control and information automa­
tionare functionally dedicated to processing data, they
are founded in computing anddata communications
technology. Butthey characteristically differ in impor­
tant ways, suchas response-time requirements,
variability of functionality, and volume and volatility of
associated data. Thus, different computing architec­
tures are appropriate for these automation arenas. This
paperoutlines the architectural considerations that
derive from the functional and performance require­
ments typical in control automation. It also suggests an
architectural approach to the automation of factory con­
trol functions.
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Functional Architecture for Manufacturing
As a starting point fordeveloping anapproach to improving

manufacturing effectiveness, it is useful to group relevant functions to
facilitate understanding ofmanufacturing operations. While there is no
broad industry agreement about the exact way to partition manufactur­
ing functions, most serious attemptsuse five to eight different
groupings, typically identified as functional levels ina roughly hierarchi­
cal functional architecture.

In AT&T, a seven-level functional architecture hasbeendefined
to provide the company with a standardized computer-integrated manu­
facturing architecture (CIMA). Figure 1 identifies these "ClMA levels"
and characterizes the functions foreachlevel.

Automation Domains
Amanufacturing operation adds value byphysically operating

onmaterials andcomponents to create products. Thesephysical opera­
tions, which may be effected bymachines or people, are characterized
in our CIMA functional architecture as "sense physical conditions"
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and"make physical transformations." Theyreside at the
bottom ofour functional hierarchy (lower portion of the
"equipment level").

All functions above this domain ofphysical trans­
formation functions operateon information-not physical
objects-and donot directly add value to the product.
Instead, these information-processing "overhead" func­
tions generally aid the value-adding physical domain
functions in a way that results ina financial profit.

Acursoryreview of these information processing
functions shows that a subset is tightly coupled to the
physical transformation functions. This subset directly
controls andcoordinates the operation of the machines (or
people) that are sensing the environment and making the
physical transformations. Thus, these control functions are
distinguished from other information functions that are not
concerned with the specifics ofa production process­
except in terms ofproductive capabilities, operational sta­
tus, cost, and similar characteristics important to
managing a production facility.

This (admittedly qualitative) partitioning offunc­
tions into physical, control, andmanagement domains
applies evenifsubstantive automation is not implemented.
In the simplest conceivable single-owner-operated manual
manufacturing operation (the prototypical "garage shop"),
the physical transformation ofmaterials into products is
accomplished by:
- Human sensoryorgans (sensing physical conditions) and

manipulative organs (making physical transformations),
which form a physical domain

- Human brain andnervous system, which effect direct
control of the physical elementsto make the desired
physical transformations

- Human capabilities (primarily information processing
done bybrain andnervous system, but supplemented by
abilities to accept andrecordinformation from andto
external sources), which analyze, plan, andmanage in
suchdiverse areas as customer needs; product features
and pricing; materials, tools, andfacilities procurement;
financing; accounting; etc.

Thisexample is perhaps useful for clarifying the
functional partitioning suggested above, butadds little of
practical value for improving this simple manufacturing
operation.

Asa manual manufacturing enterprise becomes
more complex, it involves many people who mustwork
cooperatively to achieve the overall goal: to transform
materials intoproducts foracceptable profit. The CIMA
structuring now becomes valuable as a guide fororganizing
the operation. Thus, when a garage shop grows to a multi­
personenterprise, the physical transformation and related
control functions typically become the responsibility ofa
production organization. The analysis, planning, and man­
agement functions then are assigned to engineering,
administrative, andmanagement organizations.

Thisanalysis may imply that our CIMA is a guide
to an appropriate organizational structure. But the reality
is that the traditional organization of large manufacturing
operations provides an understandable structural frame­
work that establishes a foundation for a useful CIMA.

Let us shift our consideration from a manual to an
automated manufacturing operation, onewheresomefunc­
tions are done bymachines, including computers. The
partitioning suggested above now provides a useful frame­
work for developing an automation architecture.

Computer technology has evolved to the point
where complex physical processes usually canbe effi­
ciently controlled by:
1. Extracting (via sensors) information about the process

inan abstracted electronic form (generally as digital
electronic data)

2. Manipulating the abstracted information using algo­
rithms that suitably model the process andincorporate
information about the desired results

3. Delivering the new information to devices (effectors)
that change the physical parameters of the process to
achieve the desired results.

Thus, the separation ofphysical and information domain
functions, as suggested byour model, is consistent with a
functional division that current automation technology can
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efficiently support.
Perhaps less obvious is the advisability ofdistin­

guishing between control andmanagement functions
within the information domain inour automation model.
However, given the current state ofdigital computing tech­
nology, sucha division is useful because of substantive

Figure 1. CIMA(com­
puterintegrated
manufacturing archi­
tecture) provides a
functional framework
fororganizing manu­
facturing operations
and helpsestablish
functional domains
that are useful for
structuring automa­
tionwithinfactories.

differences in these two domains-differences that are rel­
evantto the selection ofa computing approach. In
particular,
- Data volume-Inthe control domain, the extent and

nature of techniques forprocess sensing greatly influ­
encedatavolume. Asquality requirements andprocess
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Panel 1. Acronyms In this Paper

sophistication drive us to ever-tighter process control,
the volume of sensor data that needs to be assimilated
grows apace. (Vision system sensing is a good exam­
pie.) In the management domain, the overall size of the
manufacturing operation and complexity ofproducts
largely determine data volume. While these data vol­
umes may be very large, theyare more stable.

- Data volatility-In the control domain, datavolatility is
veryhigh compared to the management domain because
the value of sensor information for controlling a process
decreases rapidly with time.

- Computational responsiveness-In the control domain,
these requirements may oftenbe severe, because of the
needto provide effective control overprocesses that
operate in time frames that range downward to
microseconds.

- Variability offunctionality-In the control domain, the
variability needed is at least as great as in the manage­
mentdomain and oftencannot be accommodated fully by
application software.

- Accommodation oftechnology change-For the control
domain, this is a key consideration. If wecannot rapidly
take advantage ofnew technology for physical automa­
tion, we compromise the fundamental ability ofa
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CIMA

COMASE

LEC
LSC
LCC
POMASE

SVID
VME

computer-integrated manufacturing
architecture

common manufacturing application
support environment

logical equipment controller
logical stationcontroller
logical cell controller
problem-oriented manufacturing-

application supportenvironments
System Vinterface definition
Versa Module European (computer bus

standard)

manufacturing operation to add value competitively.
These considerations lead us to adopt different

automation models formanagement and control functional
domains, as Figure 1 shows.

The management domain canbe well accommo­
dated by "traditional" data-processing approaches. They
generally presume a standardized, general-purpose com­
puting and communications capability and try to adapt to an
application environment by suitably organizing application
functions. Given somebasic standardization edicts (e.g.,
programming language, database manager), the architec­
tural issues in this domain depend on the specifics of the
required end-userfunctionality and revolve around the
extent to which theycanbe addressed using standardized
software.

In contrast, the control domain requires a com­
puting approach that is less susceptible to total
standardization below the application software level. Con­
sequently, traditional dataprocessing technology generally
is notappropriate to this domain and, for various reasons,
the control domain has notyet been subjected to similar
forces for standardization.

Control Automation
Architectural and standardization issues for auto­

mating control functions are increasingly recognized as
being ofpractical importance. The rest of this paper
focuses on this important automation domain.

Model. Asnoted in Figure 1, our control automa­
tion functions are tightly coupled to physical automation
functions, but (seemingly) disconnected from management
automation functions. This characteristic is helpful,
because it focuses on issues that emanate from a process
control model. Aswediscuss our control automation archi­
tecture, it will become clearthat we are simply applying
some technical judgements onhow to gain the benefits of
standardization while accommodating rapid technological
change and, thereby, establishing guidelines foruseful
implementations of closed-loop, process-control automa­
tion facilities.
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Figure 2. A logical
control architecture
provides a stable
overarching structure
wherein variable
implementation archi­
tectures can evolve. A
standardization strat­
egy is imposed to
constrain variability
and provide
manageability.

Lessobvious from Figure 1, yet of considerable
significance, is that the production domain (i. e., physical
domain plus control domain) mustbe connected to the
management domain to achieve a useful operation. We will
not further examine the (considerable) architectural and
standardization issues related to this important interface.
Clearly, this interface is needed (consider ourgarage shop
example), and it's a nontrivial interface inour automation
model.

Architecture Objectives. In formulating an architec­
ture for control automation, we have two objectives:
- Outline a structure ofcontrol functionality that will

serve as a useful guideline for system implementors.
That is, it will lead to cost-effective solutions that use
current technology.

- Establish a framework that canaccommodate the inher­
ent variety of implementation requirements and
inevitable technological change overtime ina way that
is graceful andconserves resources. That is, the frame­
work leads to global optimization ina highly variable,
changing environment.

Ouroverall model appears in Figure 2. We strive
to establish a logical architecture that ideally remains stable
indefinitely and provides a unifying framework for imple­
mentations. Further, we strive to establish a
standardization strategy that constrains the variability and

changeability of implementations, without unduly impeding
ourability to introduce beneficial new technology as it
becomes available.

Logical Architecture. The architecture that we pro­
pose for control automation consists of three "logical"
controllers: a logical equipment controller (LEC), logical
station controller (LSC), and logical cell controller (LCC).
(A logical controller is anelement in a control architecture
that provides designated functionality, butwhose physical
realization is unspecified.) Each controller performs the
functions of the corresponding CIMA level, functions that
we have roughly characterized in Figure 1.

We further propose to constrain the interaction
allowed among these logical control elements. We stipulate
a hierarchical control regime, allowing peer-to-peer infor­
mation transferonly when it is explicitly enabled by the
supervisory controllers that "own" the communicating ele­
ments. (Exceptions to this strict hierarchical control
scheme would be admitted formanual overrides, such as
emergency stop.)

This highly simple logical architecture (depicted in
Figure 3) appears to be usable at the lower levels ofour
CIMA structure. Implementations canbe createdthat fol­
low these constraints, are cost-effective, andcanbe
efficiently maintained. However, this does notappear to be
the case at higher levels, wheremore elaborate logical
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Figure 3. The sug­
gested logical
architectureprovides
"logicalcontrollers"
that supply each
CIMA level'sfunction­
ality.At cell level and
below, a strict control
hierarchy is imposed,
where peer-to-peer
data exchanges can
occuronly if directed
bya higherlevel con­
troller. LCC = logical
cell controller; LEC =
logicalequipment
controller; LSC = log­
ical station controller.

linkages are required among the various information­
processing domains (e.g., resource planning, product and
process engineering, production management).

Implementation Architectures. Our generic model
(Figure 2) depicts a multitude of implementation architec­
tures and shows their changeability over time. To
manage this variable, changeable situation, we impose a
standardization strategy: We identify certain key system
interfaces and require that they be well defined and kept
stable over time.

This standardization leads to a template forallow­
able implementation architectures. Figure 4 is sucha
template. It establishes a standardization model for control
automation implementations that, wesuggest, appropri­
ately constrains variability to achieve manageability. Still it
is flexible enough to allow new technology to be assimi­
lated with minimum disruption.

The template in Figure 4 incorporates the follow­
ing elements that webelieve are important formeeting our
control architecture objectives:



Control computer

User
application

User
application

User
application

User
application

COMASE run-time support services

User application

83

Figure 4. This tem­
plate for implemen­
tation architectures
stabilizes certain key
hardware and soft­
ware interfaces,
identified by heavy
(red), horizontal lines
in this diagram. The
UNIX System V soft­
ware provides task
scheduling and
resource manage­
ment. COMASE =
common manufactur­
ing application
support environment;
POMASE = problem­
oriented manufactur­
ing-application
support environment;
RFS = remote file
sharing; SVID = Sys­
tem V interface
definition; VME =
Versa Module Euro­
pean, a computer bus
standard.
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- Distributed processing capability, via networked control
computers.

- Single operating system that provides a stable software
interface to decouple applications software from system
underpinnings. Ourchoice is UNIX® System Vor a
UNIX system-derived real-time monitor, with the Sys­
tem Vinterface definition (SVID) or a subsetas the
interface.

- Astandardized set of run-time support services with
broad utility forcontrol applications. Ourarchitecture
includes a common manufacturing application support
environment (COMASE) that provides services forcom­
mand andcontrol, operator interface, database
management, andsystem administration.

- Standardized, stable physical interface forestablishing
networked connectivity. Ourmodel suggests the use of
fiber as the standard media. The UNIX system's
streams capability allows users to build communica­
tions protocol stacksas desired to drive the physical
media.

- Standardized mechanisms forattaching user-supplied
devices to the control computer. Here, the many widely
usedinterconnection mechanisms impede our thrust for
standardization. But webelieve that the benefits of
standardization will become increasingly compelling and
increase the use ofcost-effective, industry standard
approaches-such as the VME (Versa Module Euro­
pean) Bus.

Ourtemplate provides foruser-design space in
three important arenas:
- Application software-By using the services ofSVID and

COMASE andthe capabilities that suitable general­
purpose languages suchas C provide, user-application
progranuners canimplement LEC, LSC, and LCC
functionality.

- Attached devices-User-supplied devices canbe incor­
porated that perform specialized functions, primarily in
the physical automation andequipment control domains.

- Distributed computing confrguration-Users candistrib-

ute functionality across a networked collection ofcontrol
computers to meet specific performance anddependa­
bility needs.

The applications software arenacanbe further
structured bycreating problem-oriented manufacturing­
application support environments (POMASEs) that provide
a set ofcapabilities tuned to particular typesofapplications
or users. A POMASE would present the applications devel­
operwith a specialized "world model" that allows high
development productivity while fostering standardization.
Specialized world models have beenconceived based on
such simplifying (and unifying) concepts as: recipes, logic
ladders, named attribute sets, and message servers. By
building on the stable SVID and COMASE interfaces, we
can create POMASEs that support these diverse world
models through highly stable interfaces.

The attached-device arena provides a richdesign
space forinterfacing with physical processes andproviding
specialized computing capabilities (e.g., array processors)
to meet specific requirements (e.g., high-speed data ana­
lysis). One often useful typeofattached device is a
satellite computer, with structuring similar to the hostcon­
trolcomputer, butwith a streamlined, high-performance
monitor inplace of the full-featured operating system. In
implementations ofthis type, the interfaces that the moni­
tor, COMASE, andPOMASEs in the satellite provide
ideally should be proper subsets ofcorresponding inter­
faces in the hostcomputer (null sets being admissible).

The distributed, networked architectural approach
provides users broad freedom to engineer systems fornec­
essaryperformance at minimal cost.

Benefitsof Control Automation Architecture
The adoption ofa control automation architecture,

such as the one described here, should lead to significant
benefits:
- More productive control application development
- Improved integration ofindependent developments
- Lower costs formaintenance, training, documentation,



and supportof factory automation systems
- Reduced costs for assimilating new beneficial

technology.
While these benefits are difficult to quantify, evi­

dence suggests that major manufacturing operations-such
as those within AT&T-can realize very substantial sav­
ingson an ongoing basis through systematic adoption of
such a standardized control architecture.

(Manuscript received May 28. 1987)
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