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FOREVORD

The Annual Vorkshop of the IIASA-Project on Computer Integrated
Manufacturing (CINX) was bheld in Stuttgart, FRG, from 18-2¢ July, 1988.
This was the second in the series of annual meetings after the Ivalo
(Finland) workshop in 1987. The co-host of the workshop in Stuttgart
was Professor H.-J. Varnecke of the Fraunhofer Institute of Production
Technology and Automation. It was co-sponsored by Carnegie-Mellon
University, USA, and the Japanese Committee for IIASA. The aim of the
warkshop was to analyze technological trends, diffusion patterns, and
economic and social impacts of CIN as well as to review the work
accomplished by I1ASA and its collaborators.

The workshop was attended by 52 participants from 18 countries and
3 international organizations (OECD, BCE, UNIDO). A total of 24
presentations were delivered, including 3 keynote presentations by
Prof. Varnecke (FRG), Dr. Kozar (CSSR), and Prof. Jaikumar (USA).

Prior to the Stuttgart Vorkshop, the CIN Project had a small
expert meeting in Prague, CSSR, co-hosted by the Research Institute for
Mechanical Engineering and Production Bconomy (VUSTE) and the Central
Research Institute for Technological and Economic Informationm (UVTED)
of the CSSR. This meeting was devoted to technological trends in CIX
and to forecasting future applications of CIN technologies. It was
supported by a Delphi-style questionnaire, which was answered by 14
experts from 9 countries. The results of the Prague workshop and the

Delphi study are reflected in some papers presented in Stuttgart by
TIASA.

This volume combines the Proceedings of the two workshops,
presenting the key papers of each of them. The papers are organized in
the following way:

Part 1 consists of the three keynote papers presented at the
Stuttgart workshop.

Part 2 consists of papers which describe technological and basic
economic factors of CIN applications and diffusion.

Part 3 deals with the diffusion trends, employment and other
macroecononmic impacts of CIN technologies.

Finally, the fourth part addresses managerial and organizational
impacts of CIN technologies.

Prof. F. Schmidt-Bleek Prof. J. Ranta
Program Leader Project Leader
Technology, Bconomy, Saociety Computer Integrated Manufacturing
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KEYNOTE PAPERS OF THE SECOND ANNUAL VORKSHOP




Integration of information and material flow in a pilot plant -
development and experiences

Prof. Dr.-Ing. Hans-Jiirgen Warnecke

Fraunhofer-Institute for Manufacturing Engineering and Automation
(IPA), Stuttgart

Project aims

The integration of information technology into industrial development and manufacturing is a

worldwide phenomenon, the technical and economic effects of which are of great importance for

the continued development and competitivity of production technology in Germany. Work is un-

derway in this area in all corners of the globe. Functional hardware and software components with

integrated production facilities are already available, improved hardware and software (databases,

networks) allow existing separate solutions to be linked together. The result is,

- a shorter reaction time to changes in the product, equipment and customer requirements

- a higher degree of complexity in production without the partly artificial and time consuming
division into production stages caused by the limited scheduling capabilities prevailing at present

- a more efficient use of the machines through better planning and supervision, manufacture with
reduced numbers of personnel and ingenious maintenance concepts, and, consequently, reduced
production costs.

CIM is, however, not an organizational and technological advance which can be achieved over-
night. Once initial developments have been completed they must be integrated and partly updated.
For a successful CIM installation, therefore, a modular concept, specific to the firm in question
must be developed. This individuality must apply to the functional modules themselves as much as
to the problem solving within the modules. Slogans such as "You can’t buy CIM off the peg", "CIM
is a concept - not a program” contribute to a large degree to the existing confusion. Only one thing
is certain: as the expense of introducing CIM is not related to the number of employees in a firm,
generally speaking only large firms can afford such an organizational project. The continued exi-
stence of small and medium-sized firms is, therefore, very much in danger:

- Thanks to CIM, large firms are now in a position to become more flexible than smaller firms, in
so far as concerns both the fulfillment of deadlines and product specifications of the client, and
the use of the capital invested. Thus the essential competitive advantage of medium-sized firms is
lost.

- As quantitive growth is possible only within certain limits, large firms - in order to even out the
effects of rationalisation on the workforce - are expanding production not to each production
centre/factory but throughout the whole firm. Suppliers are therefore finding fewer and fewer
product niches.

The future assurance of medium-sized firms can therefore likewise only succeed with the help of
CIM : their motto must be - better, cheaper, faster and still more flexible than large firms. There
is no alternative. To "carry on as we always have” is out of the question. In other words: only when
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medium-sized firms have been made receptive to the CIM philosophy and when meaningful soluti-
ons have been developed and adapted to their specific applications, will this new technology pro-
vide a wider circle of firms with equal opportunities for the future with positive socio-political
consequences. Otherwise CIM may be the instrument of the creation of a disastrous monopolization
of the whole potential of manufacturing technology.

Small and medium-sized firms obtain their advice/information almost exclusively from computer
manufacturers and software houses. Thus, the user is unable to obtain any independent advice:
computer manufacturers have no company-specific solutions to offer, only computer-specific con-
cepts, which must be "company-neutral®. If CIM has to be integrated into different work places
with operation-specific equipment, then the firms, wishing to introduce CIM gradually, must have
available to them extensive expertise in the field. Moreover, a lot of demonstration and training is
required. At the moment, however, the people affected in the various operational areas are still not
properly prepared for this technology. They are often neither able to develop solutions for compu-
ter integrated manufacture in their product area, nor capable of operating the necessary CIM com-
ponents. For potential CIM users - above all the small and medium-sized firms - it is therefore
extremely important to witness practical and concrete demonstrations of the problems, advantages
and possible solutions, and to obtain objective problem, technology and branch specific assessments
of solutions, in order to be able to help in the corporate decision-making process.

The aim of the "Fabrik-2000" CIM demonstration (Factory 2000) by the Fraunhofer-Institute for
Manufacturing Engineering and Automation (IPA) is, therefore, to demonstrate practical and con-
crete solutions of computer integrated manufacture and its advantages especially for the potential
users in medium-sized firms, in order to enable the introduction and application of computer inte-
grated manufacturing. On the basis of a demonstration manufacturing plant with a continuous pro-
duction process, CIM demonstrations, seminars and training programmes and conversion support
are to be carried out. With the help of the installed and deliberately heterogeneous manufacturing
and computer systems, various solutions for closed CIM chains, from the design through manufac-
ture and assembly up to quality assurance must be implemented, in order to enable a general re-
presentation of the individual subareas of 'computer integrated manufacture’.

The target groups are all categories of persons involved in the area of computer integrated ma-~

nufacture:

- Managers must be offered a gradual conceptual knowledge of the installation: What is the form
of the firm-specific and problem-adapted CIM solution and how can this be most
economically transcribed?

- CIM users must be trained in problem solving systematics and in the use of new hardware and
software components, programming languages, data base languages etc.

- Technology consultants must be provided with an objective updating of their knowledge.

- CIM trainers must deal in greater depth with special problems in training and qualification, and
if need be discuss them together.

- Building on what they know, students must provided with a comprehensive understanding of the
problem: in what overall context is the selective existing detailed knowledge to be placed?

Based on this concept, this initiative represents no threat to commercial consultancy firms: Here for
the first time a complete field of technology is to be put into operation. The operation-specific ad-
vice, which is connected with the training/instruction, is only made possible or experienced by the
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initial kindling of enthusiasm. "Fabrik 2000" is also supported by the BMFT in its national initia-
tive "CIM-Technology-Transfer-Centres".

If one considers the main emphasis of the tasks to be the transfer of CIM expertise, the organiza-

tion of seminars for training and further education, the organization of CIM demonstrations and

information events, the CIM advice and testing of general CIM solutions or subsystems, then the

following positive results are to be expected from "Fabrik 2000

- transfer of knowledge research - industry and vice versa

- the support above all of medium-sized firms with advice on organization, structure adaptation,
effects on the workplace, qualification requirements etc... '

- synergy effects via well-balanced procedures

- synergy effects via purposeful information exchange between user - research - producer -
company consultant

- positive feedback from industrial practice to student training.

Pr n i

The "Fabrik 2000" CIM demonstration will show combined extracts from the areas of mechanical
production and electronic production. Fig. 1 (F2000) shows the manufacturing procedure. Over the
longer term the most important aim is the integration of new modules and the flexibilization of
existing components. In this process, the knowledge and the possibilities of the individual areas of
the institute will be increasingly made use of.

The finished product from this procedure is a pyramid, consisting of an aluminium base, an elec-
tronic module, divided into two printed-circuit boards and a transparent die-cast apex (see Fig. 2
F2000). Both the aluminium base and the mounting of the printed-circuit boards are to be chosen
individually: the base can be chosen from several basic models , for the electronic module the co-
lours and lighting sequence of the LED modules have to be redefined for each case.

Fig. 3 illustrates the present layout of the "Fabrik 2000" CIM
demonstration.

"Machining centre” cell consisting of

- a BZ 20 4 axis machining centre by Steinel

- a WABCO-HITACHI robot for automatic loading of workpieces and for the changing of the
fixtures

- a central area for the presetting of the tool

- a central commissioning area for workpiece pallets and fixtures

- a SIEMENS SICOMP WS 20 cell computer with FMC cell control software.

For reasons of cost, the fitting out of the machining centre with pallet changers, a circulating
storage and a central clamping and setting-up place is at present not possible. In order, ne-
vertheless, to fulfill the future requirements of low-labour manufacture, hydraulic fixtures for the
clamping of workpieces and an industrial robot for the handling of workpieces are to be installed,
appropriate to the range of workpieces to be machined.
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The transport tasks between the central workpiece presetting place, inventory and machining centre
are carried out by the FTS (IPAMAR).

"Commissioning station" cell, consisting of
- a Darr P 100 portal robot

- a COMPAQ 386 cell computer

- a transfer point for the FTS

- a special control software.

The commissioning station automatically assembles the components of the electronic module, arran-
ged in the magazine, for manufacturing or transport lots. In the commissioning station the compo-
nents of the electronic modules are stored by type in flat or upright magazines.

"Assembly station®, consisting of

- a HAUSER portal robot

- an ADEPT TECHNOLOGY adept one assembly robot
- a gray-scale vision system

- a transfer point for the FTS

- a HEWLETT PACKARD Vectra cell computer

- a special control software.

The usually costly re-equipping of industrial robots for new assembly cycles means that the pro-
duction of very small lots and batches of workpieces is uneconomical. For "Fabrik 2000", therefore,
an assembly cell with two industrial robots was developed, so as to allow the complete automation
of the re-equipping procedure:

The portal robot lifts the transport pallets with the printed-circuit boards and component magazi-
nes from the FTS and places them onto a free pallet. After the gripper has been changed, the por-
tal robot takes the magazine from the transport pallet and positions it in the work space of the as-
sembly robot (adept one) or on the buffer points in the cell. The work space of the adept one is
divided into two areas of 180 degrees each. While the adept one is carrying out mounting or solde-
ring operations on one side of its work space, the portal robot is re-equipping the other side of the
work space for the module of the next printed-circuit board (cf. Fig. 5 F2000).

The image recognition system installed is used consistently in order to arrange the grippers and the
peripherals as simply and universally as possible. The image recognition system works exclusively
parallel to the robot process and has thus no negative influence on the cycle time, on the contrary,
it reduces the cycle time by correcting the jointing position of components with tolerance faults :

In order to recognize the position and the orientation of the parts, the portal robot exchanges the
gripper for a camera and is thus able to recognize the parts position and orientation on the flat
magazines from any point in the work space using the vision system. The adept one takes the com-
ponents from the flat magazines and measures the position of the terminal wires using the vision
system. As a camera is brought parallel to the gripper by the robot, this can be carried out during
the movement from the pick-up point to the assembly point. The vision system calculates the cor-
rection value for the jointing process parallel to the robot movement. If the arrangement of the
terminal wires of the component is outside the tolerance for the contact spacing of the printed-
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circuit board, the component is tilted in the gripper, the terminal wires are sequentially assembled
in the printed-circuit board and at the same time straightened.

The robot controls contain no type-specific or variant-specific programs. The cell computer, which
directly coordinates the axis control of the portal robot, processes the robot used for the handling
of the pallets, magazines, and printed-circuit boards in accordance with an optimization program.
The program guarantees the shortest possible path for the adept one between the pick-up points of
the magazines and the assembly position.

The assembly robot works with a specific program module. This module entails
- taking the part from the pick-up point

- optically measuring the part

- assembling the part in the assembly position using the correction data.

For each individual product to be mounted, the program is generated by reproduction of the pro-

gram module. For the processing of a program module the control contains the following data:

- the pick-up point for the magazines from the cell computer, in addition the relative coordinates
of the parts on the magazine via the image recognition

- the parts data from the master computer or from the CAD system

- the assembly position from the CAD system via the master computer

- the jointing correction data during the execution of the program through the parallel image
processing.

The program is generated parallel to the assembly of the previous product, so that it is available
without any loss of time. The soldering program is generated from the jointing points and the
component data (contact spacing, number of terminal wires).

The assembly cell thus offers the following advantages, in comparison with conventional separate

solutions:

- economical assembly automation of the smallest number of pieces through automatic set-up
without cycle time loss

- non-exact positioning preparation and jointing of tolerance faulty components without any loss

of time as a result of the installation of image recognition

complete assembly of even smaller numbers of pieces

- immediate automatic assembly of completely new products without programming

- avoidance of cell down-times

shortest cycle times through path optimization.

"Transport” cell, consisting of

- the autonomous vehicle IPAMAR
- a cell computer

- the planning and control system.

The production process of the future requires a transport system, which reacts flexibly, even to
unforeseen events such as the failure of a cell or blocked travel paths. The present transport sy-
stems are not suitable for this task, as true flexibility via rigid connecting paths (fixed control wi-
res) and limited planning possibilities. With the IPAMAR autonomous vehicle, a transport system
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was developed by IPA, which offers a high degree of flexibility:

- graphic design of the travel paths in a planning system

- no fixed layout

- guidance of the vehicle without the need for guide wires, and thus coverage of various
production areas as well as office spaces

- flexible response to interruptions in the production proces

- intelligent circumvention of obstacles.

The layout planning system enables the user to input the travel path in graphic form. The basic re-
presentation contains the highly simplified hall layout with production cells, load transfer stations
and the travel path. A simulation system tests the movements of the vehicle and uncovers mistakes
using fictitious travel tasks. By the means of a simple operation, adaptation to a modified layout is
quick and problem-free.

The central task of the transport system arrangement is the management of travel tasks, and coor-
dinating the generation of travel programs. Tasks can be received from the manufacturing master
computer at any time and, when required, processed. Should the need arise, the transport unit can
be completely independent from the manufacturing master computer, thanks to an additional ma-
nual input possibility of travel tasks in the arrangement of the transport system itself. With the
help of a preset travel task, an optimal path can be planned, based on the travel path layout. This
action brings into play certain techniques of graph theory, the optimizing criteria of which can be
selectively defined.

The interface to the vehicle represents the travel program which is automatically generated by the

transport computer, transmitted via infra-red wireless data transfer to the vehicle and there exe-

cuted autonomously. The travel records form the core of the travel program, and define the mo-

vements of the vehicle. In addition to these, support point measurements, sensor controls and doc-

king procedures are individually preplanned and integrated into the travel program. The SOFT-

WIRE guiding system does not need any special guidelines, marks or send facilities in the envi-

ronment in order to define the position.

- A rough position definition liable to drift errors, results through the upward integration of the
path travelled via the path and angle sensors.

- At regularly spaced-out predefined places in the hall there is a support point measurement using
ultra-sound sensors for drift compensation.

- For the fine positioning when approaching the load transfer station, an opto-electronic sensor is
installed, which determines the position error during the approach procedure.

- Through the knowledge of the side misalignment the position accuracy can be still further
increased via a servo-telescopic control of the load transfer module.

Communication

Evolved company structures lead to heterogeneous EDP concepts, which, based on the function-
orientated DP solutions for individual subareas, make overall integration difficult from both the
hardware and the software point of view. It is necessary to enable computers from different ma-
nufacturers to communicate with each other. Therefore, either a standardized communication sy-
stem or a case-specific solution for the communications problems which arise has to be worked
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out, Both methods are used at present. On the one hand, for example, General Motors have been
working since 1980 in collaboration with a number of users and manufacturers on the definition of
a standard for manufacturing communication (MAP), on the other hand there are on the market a
number of communications products for the most variegated communications tasks. As the standar-
dization of MAP has still not been fully attained and cost-effective MAP communications products
therefore are still not available, each user has to work out a concept which fulfills his own com-
munications tasks, without creating problems for a subsequent transfer to a future standard pro-
duct.

These considerations are the starting point for the definition of the communication system in "Fa-
brik 2000". Based on a heterogeneous hardware structure (mini computer, personal computer, pro-
cess computer, etc...), such as is normally found in manufacturing companies, a system architecture
for the communications was created, which, starting from a wideband backbone, integrates various
subnetworks with regard to their access method (ETHERNET, TOKEN BUS), their transfer me-
thod (wideband, baseband) and the network software used (NOVELL-PC-Netz, DECNET), and
enables the subsequent installation of communications products with the MAP standard (cf. Fig. 7).
Components from ALLEN BRADLEY are used as the wideband backbone (cf. Fig. 8). The fol-
lowing network products are used in parallel on this backbone:

- VISTA-LAN (Allen Bradley)

- DECNET (Digital Equipment)

- NOVELL-PC-Netz (Novell).

VISTA-LAN is a network based on the TOKEN BUS principle. Via appropriate interface facilities
(NIU - Network Interface Unit) the asynchronous transmission between different serial V24 in-
terfaces is achieved. In addition the possibility exists of starting a virtual connection on individual
V24 pins inside the VISTA-LAN, via the TOKEN BUS controllers (Allen Bradley) installed in the
personal computer.

DECNET, a network based on the CSMA/CD principle, enables a transparent connection between
different DEC computers and supports all levels of the ISO/OSI model. The coupling of the
ETHERNET baseband system installed on the backbone is achieved in accordance with the basic
communications task in three ways:

- Transparent DECNET/DECNET connection via backbone
The DECNET protocol is modulated via an ETHERNET modem (MICOM) directly to a free
channel of the wideband system, and c¢an be retransmitted to each terminal connection point of
the backbone via a further ETHERNET modem in the baseband area, and made accessible to an
application.

- Connectlon of the PC network DECNETDOS/NOVELL
Via an ETHERNET controller (MICOM) a PC can be coupled directly to the baseband
ETHERNET. Through the use of the DECNETDOS software (DIGITAL) the linking of the PC as
a node in an existing DECNET network is possible. At the same time the PC can communicate
via a TOKEN BUS controller (Allen Bradley) with the wideband backbone. NOVELL-PC-Netz is
used as the network software. The coupling of both network software products to a gateway
function of the PC takes place via a special coupling program.
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- Connectlon of virtual DECNET terminals with VISTA-LAN.
The virtual DECNET terminals are connected from the baseband ETHERNET to V24 terminals
via a terminal server (DIGITAL). The connection to the interface facilities of the VISTALAN
(NIU) takes place via simple V24 jumpers.

NOVELL is a PC network, which functions in accordance with the fileserver principle: One or
more PCs are installed as the central data station(s). These stations can be used as a virtual mass
storage from all the work stations connected to the network. Access is achieved via virtual drive
designations. The NOVELL network software is independent from the installed network hardware
and the access procedure.

The communication between the manufacturing master computer (VAX 11/780) and the PC orien-

tated cell computers of the individual manufacturing facilities takes place either

- via a V24 connection, which is transmitted from the manufacturing master computer via the
baseband ETHERNET, the terminal server and the NIU in the VISTALAN and from there via a
second NIU again in a V24 terminal, which is directly connected with the cell computer or via

- a file transfer based data exchange between the manufacturing master computer and the file
server of the NOVELL-PC-Netz using the DECNETDOS/NOVELL gateway.

The information transmitted is available at any time to the individual cell computers using the
NOVELL network software. For the communication between the manufacturing master computer
(VAX 11/780) and the process computers, installed for the cell control, the baseband/wideband-
ETHERNET connection is provided via the ETHERNET modem. Via this communications channel
the most diverse network protocols can be transmitted transparently. For process computers of the
VAX family DECNET is used, otherwise a protocol such as TCP/IP can be used.

For the subsequent introduction of a communication in accordance with the MAP standard an in-
cidental frequency channel of the wideband is provided. Existing communications channels can
then be gradually rearranged on MAP. Should the need arise, appropriate gateways must be provi-
ded for the coupling of both communications systems.

Planning and control

When trying to introduce a network and thus to reduce the cost of gathering, storing and proces-
sing information, it is also useful to be able to maintain and modify certain data stocks at any one
time at a single place in the firm. One must not be tempted, to make planning and control systems
too susceptible to errors and faults: a fault in one area must not affect operations in other areas.
Care must therefore be taken, to create smaller and faster control loops, which can work indepen-
dently of the other areas for a certain length of time.

The manufacturing requirements planning systems (MRP) installed up until now are however, in
spite of undoubted efforts at integration from the functional point of view, characterized by a
planning which on the one hand provides only small leeway and on the other hand permits only
limited feedback on the higher order planning level at any one time. A uniformly dense state of
information cannot, therefore, be achieved exclusively through information technology integration
throughout the firm alone. What is also needed is a functional universality up to the process level




-11-

and a constant relevancy of data on all corporate levels. Only when the horizontal and vertical in-
formation technology integration is supported via programs, when the routine work is taken on or
at least lightened, can an employee intervene in the control process of the whole firm.

Expressed simply: each hierarchy of the firm needs its own programs, files and computers, which
must of course be integrated with hardware and requirements in an overall concept. These pro-
grams must aiso bear the increased work content in an integrated production system calculation. So,
for example, the manufacturing requirements planning systems have up until now, been subdivided
into material requirement and a connected capacity planning, which are looked after by.completely
different and often spatially separated employees. This separation of the requirement and the ca-
pacity aspects leads to planning resuits, which, with regard to their quality for integrated produc-
tion systems, are unacceptable. Far shorter process times and smaller supplies can be achieved wi-
thout danger to the readiness to deliver, through simultaneous consideration of requirement, capa-
city and transport. The advantage of this way of looking at things is that, process specifications are
already created on the higher corporate/planning levels, which need only be further refined, not
basically rearranged, at the subsequent levels.

A further example of this modified work content is workshop control: the manufacturing tasks ge-
nerated by the production planning must be periodically transferred to a manufacturing master
computer. There ensues with the help of detailed parts lists and detailed work plans, a solution of
the production tasks in a succession of detailed activities and the assignment of all auxiliary devi-
ces needed for the activities. The complete detailed task thus created must, in the context of fine
planning, be allocated to a resource and the capacity allowed for. At the same time the availability
of all resources needed for the implementation is to be guaranteed at the outset. Therefore even
for this resource a plan and a time schedule are to be made.

The requirement for independent control loops gives rise once more to the idea of a (decentral)
EDP supported control station. An example is the concept of EDP supported control stations for
short term manufacturing control. Accordingly the planning and control concept for "Fabrik 2000"
was designed as a multi-stage control station concept. Fig. 9 illustrates this hierarchy.

The activities of the planning level can be outlined as follows:

- allocation of approved tasks to individual resources/transport equipment

- instigation of production

- supervision of the completion of the task as regards quantity, time limit, costs and quality with
the help of reported operational data

- intervention in the event of deviations from the planned task completion.

The control level executes the following steps:-

- transfer of the approved job program

extension of the tasks by transport tasks and auxiliary device preparation tasks
job release

job instigation.

On the control level there ensues
- NC program distribution
- NC data management
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- material flow control
- production data evaluation.

The executive level comprises

- the on-line control of the individual cells
- the relaying of information to the process
- the reporting of the actual production.

Planning level: GRIPPS (graphic supported integrated manufacturing
requirements planning system).

Against the background of "Fabrik 2000" the "GRIPPS" system was

developed for the planning. The innovative character of this system results from the introduction

of the multi-stage simultaneous planning, which enables an optimized stock with considerably re-

duced cycle times. Essential characteristics of simultaneous planning are for example:

- derivation of secondary requirements and thus the preparation of the material flow objects
needed from capacitively matched manufacturing tasks

- definition of the manufacturing tasks with the help of a simultaneous consideration of quantities
and time limits (stocks, requirements) and capacities (capacity offer/competition)

- daily update of the planning specifications.

A requirement of simultaneous planning is the construction of a specific planning structure. This
connects the (in conventional systems separated) product or planning structure (parts lists) with the
capacity or material flow structure (work plans) in graphic representation arranged according to
capacitive and scheduling viewpoints (Fig. 10). At the same time, material flow objects, which
compete for the limited available capacity of a capacity unit, are grouped together in a capacity
group.

An essential consideration for a high-capacity MRP system is the job-specific preparation of all
necessary information. In order to guarantee a data organization without data redundancy, GRIPPS
was implemented on the basis of the present relational database ORACLE with SQL standard and
in C. This system works via a user-friendly interface, which enables the generation, display and
modification of data via specific screen masks.

Control level: ATEXI (Job scheduling in automated, flexible manufacturing systems).

ATEXI is a dialogue orientated program system, which satisfies the difference between the opera-
tional manufacturing requirements planning and the operative control of the automated manufac-
turing process. ATEXI consists of the two subfunctions system task generation and operation times.

In system task generation first an availability check is carried out for the preset manufacturing
tasks with regard to the required

- raw material or semi-finished positions

- manufacturing aids and

- NC programs.
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For the raw material or semi-finished positions a reservation is carried out. Subsequently the ma-
nufacturing tasks with positive availability are split into so-called system tasks. System tasks re-
present the generated subsets of the manufacturing tasks in accordance with manufacturing or
transport lots. They form essential input information concerning the operation times.

The operation times carry out the time-slot and place assignments of the operations on the work
stations for the approved system tasks. This takes place periodically in normal operation (e.g.
daily). In the event of failure, a new requirement orientated schedule can be initiated. The load se-
quence of the system tasks is established with the help of priorities, which are calculated either
externally preset (e.g. from authorized representatives) or by means of priority rules.

The sequence planning and machine assignment is carried out simultaneously, taking into account
the actual capacity situation of the work stations, the workpiece carriers, the production aids, and
the means of transport. During the scheduling of the tasks to be planned, that one will be chosen,
from amongst the machining stations, which displays the least idle time. In this way a high utiliza-
tion of the system is ensured.

Before, however, an operation is definitively planned, it is checked to see if the necessary produc-
tion aids are available in the requirement period. If they are free, but not in the place required, a
transport task is generated. In assembly tasks, in the context of the time limits, the preparation of
the assembly components must be initiated. To that belongs both the removal and the combination
of the component requirement relating to the task and the transport of the parts to the assembly
station.

Task scheduling results in detailed tasks. Detailed (system) tasks are fixed in time and place, taking
into consideration the actual

situation as regards capacity, for the implementation of machining, assembly, measurement, com-
missioning and transport procedures.

Control systems: PROPOSS (event orientated control of highly automated production plant) The
event orientated production process-control system PROPOSS was developed for the information
and control technology integration of overall subsystems in highly automated manufacture.
PROPOSS is an integrative component of a workplace control system and fills the generally exi-
sting gaps on the executive level.

PROPOSS uses as input values system tasks which are generated on the control level. PROPOSS
works with an event orientated process model, which undertakes the initialization of the real-time
process control of the transport, inventory, assembly or machining processes based on the machi-
ning cycle time of the system tasks. In accordance with the degree of automation of the system to
be controlled there takes place a further subdivision of a process into activities to be initiated se-
parately (e.g. install FTS 123 into block path 27, transfer part xyz to the transfer point of machine
A).

PROPOSS generates a generalized process operational sequence description from the preset system
tasks by event graphs, the nodes of which can be either detailed tasks or individual activities, ac-
cording to the degree of automation of the system to be controlled. The respective sequence nodes
are determined with the help of a graduated decision process, taking into account the actual pro-
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cess state and preset process conditions (e.g. activity a must be terminated before the beginning of
activity b).

PROPOSS works with a production process image. The allocation of all machines, buffer space,
means of transport, and storage facilities for workpieces and production aids is known at each
point in time.

PROPOSS checks the implementability of planned detailed tasks, as also the individual activities to
be carried out inside a detailed task on the basis of the actual manufacturing situation. -

PROPOSS contains modules for fault classification and automatic fault treatment. According to the
type of fault, either alternative strategies can be initiated, or an error message is given at the next
highest planning level.

Experiences

Inevitably the benefits of the implementation of "Fabrik 2000 have up until now accrued mainly
to IPA itself. The aims of "Fabrik 2000" would be unsuccessful, however, if "Fabrik 2000" was seen
and used merely as a means to an end, as a playground for the acquisition of proficiency. There-
fore, "Fabrik 2000" was understood right from the beginning to be a pilot project for a CIM ap-
plication. Development inside the company follows as for a customer project.

The experiences so far can be summarized in the two main areas of
material flow/information flow and project organisation/people.

Material flow/Information flow

- Provide a reliable universal overall concept, which is carried out without modification step by
step (Material flow: geometry, speed, throughput; Information flow: data content/format,
hardware)

- Keep an eye on all interfaces - there is always a part of the interfaces to be dealt with
personally.

- Guarantee manufacturer independence through open architectures.

- Physically check which components show performance capacity and compatibility (black box),

- promises are often unfortunately very different from the actual facts.

Project Organisatlon/People

- Include all colleagues early on, CIM solutions depend on the detailed knowledge of colleagues at
all levels.

- The coordination of the interfaces is the task of the project management. The implementation of
the individual cells as 'black boxes' is the responsibility of the project partners.

- Entrust the responsibility for the CIM project management to the higher echelons (executive
board, higher management) and tighten up the project organization, otherwise area optimization
and thoughts of competition reduce success.
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OQutlook

The next steps to realization affect the completion of ordering and final assembly cells and the cu-
stomer specific definition of the products via a CAD system. In the ordering cell the ’grip in the
box' should be put into effect at the same time. In the middle term there is the connection bet-
ween varnishing and quality assurance.

But in order to avoid the creation of a museum, "Fabrik 2000" will

also in the future be subject to strict considerations of return on investment. Each investment must
be justified in the context of the overall aims of the institute. At least in the medium term a si-
gnificant contribution margin must be provided via the training to be made available.
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TRENDS_AND_IMPACTS_OF CIM_IN PLANNED ECONOMIES

Dr Zdendk KOZAR

Research Institute
VUSTE Praha
Czechoslovakia

The very basic approach to flexible automated manufacturing
is the same in planned economies as in market oriented economies.
The basic objectives of flexible automation and CIM are also iden-
tical: product and process flexibility,a substantial increase of
productivity, insurance of standard quality, energy and material
savings, reduced labour intensity, etc.. Another factor that is
becoming more and more important is integration., Developmental
stages and trends that will be discussed lLater in the paper are
also identicale.

On the other hand there are definite differences that can
be identified in the following areas:

- conditions existing prior to the introduction of flexible
automation

- evaluation of economic effects

- forms of indispensable international cooperation

- enhancement of the role and function of the human factor /long
term education and developmant, including retraining/

- concept of an automated plant as a synthetic result of a com-
prehensive application of flexible automated manufacturing.

Many of these differences, however, are due to the fact
that the truly most effective ways of CIM applications are cu-
rrently being sought, rather than to the existence of different
principles on which the two types of economies are based,
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1. PRINCIPAL ROLE_OF

FLEXIBLE_AUTOMATION AND CIN

Highly dynamic development of science and technology will
in a relatively short time, create conditions for an introduc-
tion of new technology generations into all sectors. In this
context, mechanical engineering industry should accommodate
the changes of its own technology and, at the same time, pro-
vide technological means for other sectors,

dithin mechanical engineering industry, not only genera-
tion changes are to be expected in technology, i.e. transi-
tion from manufacturing processes based on cutting to chipless
technologies and mastering of the methods of processing new
materials. Our efforts will be aimed at achieving the shor-=
test and simplest transition from the initial raw material to
the final product not only from the point of view of increased
productivity but also minimization of losses due to material
waste, that is to the application of wasteless technologies
and, thus, environmental protection.

In manufacturing processes, mechanical engineering indu-
stry is entering a period of transition from the hitherto ba-
sically mechanical manufacturing to automated and even auto=-
matic manufacturinges Thus, funcdamental changes occur both in
the structure of engineering plants and in individual activites,
Electronics and based on it computers and control technology
have opened ample room for automation, We are witnessing rapid
introduction of automation into all spheres of the societys
life, particularly into the operation of manufacturinge

Industrial automation represents a basic developmental trend
in engineering processes and organisms. Automation surmounts
not only the Limits determined by man”s physical abilities
but also the Limits of his mental activity, It makes it pos~
sible to establish the states of processes which cannot be

intercepted by man’s senses and to select, on this basis,
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optimal modes of work etc. Consequently, products which cannot
be manufactured by means of mechanical equipment can be now
manufactured and the required growth of output and related
grouth of pruductivity can be ensured, Mlonotonous, unskilled

and routine work is eliminated, man’s position becomes fundamen-
tally different and general humanization of work occurs,

The introduction of flexible automation to discrete produc-
tion has improved and increased the production capability to
a much larger extent than all the other new technologies and
their combinations, be it other advanced technologies, new ma-
terials and alloys, new methods of organizstion, etc.. Further-
more, automation of production and manufacturing processes has
called for automation of production planning, for the design
and development of new SW systems and data bank systems.

Application of automation to manufacturing processes has
called for a comprehensive integration of all autonomous systems,
organizational and economic aspects into the wholly new, system
based concept, i.e. the concept of comprehensive automation of
industrial production,

This capability to integrate production, including all the
pre-manufacturing and post-manufacturing stages into a total,
functional and automated system has marked a new development
of industries, namely of engineering and electronic industries,

In most EZuropean countries with planned economy CIM and automated
manufacturing have been incorporated into the state policy of tech-~
nological development,

National programmes of application of flexible automated ma-
nufacturing, including CIM, have been designed and are currently
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being implemented in all Euroean socialist countries, incl.
Yugoslavia /no data is available on Romania/, AlLL these program-
mes include - either in the form of subprogrammes or autonomous
programmes - programmes of development of industrial roboticse.

These programmes are currently being updated. Three main
trends have been identified:

- an overall application of flexible manufacturing systems /FHS/
ranging from a production Line to workshop and eventually the
whole manufacturing section

- development and installation of CAD/CAM systenms

- development of CI!1 and automated plants.

At the same time qualitative differences between individual
developmental stages discussed in chapter 3 of this paper are
currently being studied and verified.

As for the higher developmental stages, incl, CIii, the follo-
wing performance factors ape expected to play a major role:

- increased productivity by at least 500 - 600 %
- decreased pay-back time to 2,5 = 4 years

- increased overall operation time of automated equipment to 18-20
hours per day

- shortened time between project design and project Launching
/less than 24 months/

- decrease in Labour intensity by 60 - 70 %

- reduced costs of material by 20 -~ 40 %X
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- reduced product development time by 50 - 75 X

- five fold increase of productivity of project designers, product
designers and engineers

- reduced development costs by one half
- lead time reduction by 50 X%.

INTERHATIONAL

_COQPERATLON

Demands of flexible automated production and namely its
integration go beyond the capabilities of individual national
economies of the CMEA countries., Consequently, two important
documents were signed in the 708 - an intergovernmental agreement
between all menmber countries concerning a further development
of uniform and compatible HY and S4¥ /including periphersals/ for
production and manufacturing process control and an agreement
concerning cooperation in the field of automation of engineering
functions, Later, in the 30s two general agreements concerning
cooperation in the field of industrial robotics and FMS were
signed,

Another evidence of the high priority the member countries
of the CHEA attach to the development of flexible automation, is
the incorporation of the programme of "Comprehensive automation"
into the "Overall programme of scientific and technological prog-
ress until the year 2000" adopted by member countries in 1985,
Comprehensive automation is becoming one of the major technolo~-
gical, but also economic and social tasks of all countries in-
volved in the programme,

The programme of "Comprehensive automation", part 2 has been
devised to speed up the development and application of flexible
automation in industry and national economy, The internal struc-
ture of this international programme provides conditions for a
joint, highly specialized development and production of individual
components, modules and systems, incl, an automated plant,
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In July this year prime ministers of the CMEA countries met
in Prague to discuss new developments, At this conference it was
decided that major efforts should be aimed at the so called “Compre-
hensive targeted projectst In the field of overall automation one
such project is a design,development and operation of automated
engineering and electronic plants until the year 2 000,

In this process the CMEA countries expect to make use of not
only their mutual cooperation but also of an effective cooperation
with other industrially advanced countries. This cooperation ho-
uever, is rather Limited due to a variety of restrictions and
impediments, 1t is believed, however, that the steady trend of
advances will bring this highly effective and benefitial coopera~-
tion still further,

DEVELOPRUENT 2HASES

Similarly as in other industrially advanced countries also
in the CMEA countries, the early 70s witnessed a Lot of research
and development activities in the field of flexible automation
/113 and industrial robots/. The development attained so far can
be described by the following phases:

The_first_phase spans over the period 1971 - 1977 and is
characterisad bDy the advent of C nmachine tools, first generation
of industrial robots and handling devices /manipulators/, the very

)

first automatic logistic systems and the first generation of FlI§,

Characteristic factors of the_second _phase /1974 - 1984/ are
robotized workstations, AGV applications, automation of measuring
and inspection operations, automated NC programming, second gene-
ration of FliS, robotized manufacturing systems.
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In the course of the third phase the main efforts have been
and are being geared to the diffusion of the CAD, CAP and CAHN
systems, automation of PPS, development of a hierarchical pro-
duction control system, autometion of assembly processes, appli-
cation of flexible automation to the plant's main production,
The phase originated in 1978 and will go on till the early 90s.

The_fourth_phase is the phase of CIM, its philosophy, its
architecture and concepts, modular HU and SW, development of the
third generation of FMS and the second generation of FAS, and
experimental implementation of flexible automation involving
the whole production plant, This phase came to being in 1982 and wil
go on till the Llate 90 s,

The_fifth_phase will generate new advanced architecture of
an automated production plant /APP/ by means of a comprehensive
modernization of the existing plants into APPs, The new APP archi-
tecture and structure will be gradually adopted by all major indu-
stries.
over which

The time horizon/full CIN and APP should be accomplished
can be put at 10 to 15 years or even more. The main factors in-
fluencing the prospect of such accomplishment are - modularity,
portability, compatibility, standardization and increased produc-
tion efficiency with every single partial project.

The development of flexible automation in the mechanical
engineering industry is subject to the trends of complex auto-
mation characterized by both high Level of standardization and
high measure of integration of various components of manufactu-
ring systems. This is a fundamental transition from the gradual
improvement of production organisms and processes taking place
within these organisms through partial, relatively idependent inno-
vations of individual components towards complex innovations of
higher order,
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It appears so far that moral Life of the lowestprganisms subject

to complex innovations /at the lLevel of workshop or a manufac=-
turing section/ is some 15 to 20 years; in the meantime, innovation
of individual components of shorter service Life is undertaken,
€.ge 7=-8 years with respect to NC machine tools.

Because of that it is very important that basic prerequi=-
sites for economically azceptable solutions are included already
in preparatory works for the project of flexible automation as
efficiency of the manufacturing system can be substantially in-
fluenced at the stage of system concept and design,

Any introduction of flexible automation to industrial proces-
ses must be followed by immediate integratfon. Properly select:
hardware and software provide favourable conditions for an effic:
ent process integration. New aspects of lLabour division between
pre=-production and production functions have been identified and
integrated in the CAD/CANM systems. It has become apparent, however,
that a comprehensive solution of flexible manufacturing throughout
the entire plant /CIH/ is a must today.

The ultimate goal of any comprehensive automation is the de-
sign and a step-by=-step development of an automated plant, It is
a sort of a climax, a synthesis of all the concentrated and Long-
term efforts, The scientific and technological goal of all the
work involved in the development of an automated plant consists
in a stepwise automation of all the essential functions and their
simultaneous integration with respect to both the material and
information flows,

The automated plant of the 90s will have both highly automa-
ted even automatic units and sections, as well as less automated
processes and areas,
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The 90s will witness a further transition from the rather
low level of flexible automation to an advanced level and new
needs of integration arising from the implementation of CA - tech=
nologies, i.e. CAD, CAP, CAM, CAQ, CAI, CA - production planning
and management, CIM itself will represent a qualitatively new
step.

In most cases an automated factory will be a result of a mo-
dernization process starting at the workshop lLevel and proceeding
upwards, The aim of such a process will be a truly harmonious de-
velopment of all plant functions and a reduction of Labour in-
tensitye.

Every comprehensive automation process will always be ca
out as a dynamically developing process within a dynamically ce..
loping manufacturing environment.

Our practical experience with various forms of flexible au-
tomation over the last twenty years has yielded the following
findings:

~ changes in production due to new

technology

- technical means
- organisation

= process control
- management

- professions

- existence of activities common to manufacturing processes within
the context of growing automation and robotization

- automation applied to one function brings about automation of
other functions
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Long term production programmes assume a more significant role

there is a growing specialisation on part of manufacturers and
a definite lLocal concentration of particular production

complexity of flexible automation projection based on efficiency
criteria |

trend towards modernizing plants /starting at shop floor Level
and proceeding upwards/ without discontinuing production

modularity of both HW and SW
emergence of new jobs and professions
decrease in the number of employees
step-by~step integration

broad cooperation between industry and R and D,

EAPECTED TREHDS
The following is the summary of the goals and phases of CIi
and APP development described in the previous chapters of this
paper:
a/ dynamically growing automation of production and manufacturing
systems
b/ implementation of the principle of modularity with standardized
technological and information interfaces
c/ development of manufacturing systems towards CIM and APP
d/ comprehensive automation involving all automated plant functions
e/ modernization of the existing plants aimed at a systematic
automation of all the main plant functions
f/ integration of all progressive manufacturing processes into
the process of comprehensive automation
g/ dynamic growth of integration needs
h/ growing role of highly skilled Labour
i/ need of a systematic and effective international cooperation.
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NOTE: Hajor quantitative data is included in the IIASA analyses

and studies presented elsewhere,
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INTRCDUCTION

Manufacturing technology is, in essence, the technology of process control.
It is machines, human labor, and the organization of work brought together in
the control of a manufacturing process. While the nature of process control can
be quite different in different industries, a common theme that seems to emerge
from a study of process control is the evolution of manufacturing from an art
to a science. Inasmuch as the long term viability and manufacturing competence
of a firm is intrinsically tied to how one manages this evolution, it is im-
portant to understand the factors that drive it. The object of this paper is
to attempt to arrive at such an understanding.

One finds, in the metal fabricating industry, a great variety of process
control technologies being practiced at any time. For this reason, and because
the industry is very large and has a long history, we have chosen it as the base
from which to study evolving patterns of process control in the mosaic of ma-
chines, labor, and the organization of work. Because aggregate data at the level
of the industry does not lend sufficient relief to the shifts in this picture,
we have taken, as our unit of analysis, the firm.

Within the firm, we study the evolution of process control from the per-
spective of the work station. It is iere that te¢ hnology and work come together
and manufacturing takes place. Because we are inzerested in a particular aspect
of technology and work, i.e., manufacturing's shift from an &rt to a science,
we also examine the thinking behind the ideas tnat have shaped process control
and the cognitive components of work.

Qur study focuses specifically cn the segment of the metal fabricating in-
dustry engaged in the manufacture of small arms. A number of major manufac-
turing innovationr have had their seeds in this industry--development of machine
tools at the Woolwich Arsenal, interchangeability of parts at the Whitney and
Colt factories, Taylorism at the Watertown Arsenal. Our purposes are abetted
by the considerable scholarship devoted to the study of this industry and by
the existence of a single firm, Pietro Beretta, whose history includes the as-
similation of each of these manufacturing innovations.

Founded in 1492, and controlled by the same family for fourteen generations,
Beretta has been engaged in the manufacture of firearms for almost five hundred
years. While the product has not changed much, the processes for making a rifle
have. Thus it provides as close to a controlled experimental study of the evo-
lution of process control as one could have. Though Beretta originated none of
the major metal fabricating innovations, it was quick to adopt every one of
them.

To understand how the transformation in manufacturing technology has come
about, we will visit the arsenals where the various innovations originated--the
Woolwich Arsenal in England, and the Colt factory and Watertown Arsenal in the
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United States--and the people responsible for them. What they thought abcut
and what they did is the story of process control in the metal-working industry.
It will become apparent, as the story unfolds, that process control has evolved
in a succession of epochs, each characszcrized by a fundamental shift, or "rev-
olution,”" in the organization of work and the nature of the firm. The story is
told from the perspective of the individual at a machine, where process control
is effected and the changes can be seen most vividly.

The six epochs we have identified are:
(1) The invention of machine tools and the English System of Manufacture (1800);

(2) Special purpose tools and interchangeability of components in the American
System of Manufacture (1850);

(3) Scientific Management and the engineering of work in the Taylor System
(1900); '

(4) Statistical Process Control and the dynamic world;
(5) Information processing and the era of Numerical Control;
(6) Intelligent systems and Computer Integrated Manufacturing.

Our discussion is divided into eight sections, which deal respectively with
the origins of the firearms industry, its progression through each of these six
epochs, and our conclusions about the nature of the progress that has been made.
It begins with Beretta.

The first change in the technology of manufacturing firearms came some three
hundred years after Beretta started making guns. It came in the form of the
English System of Manufacture, which was introduced at Beretta consequent to
the Napoleonic conquest of the Venetian Republic and the establishment of a
state run arms factory at Brescia.

Much of our understanding of how the nature of work changed with the intro-
duction of the English system comes from a visit to the shop of Henry Maudslay,
in the second section of the paper. Sufficient records of this founder of the
machine tool industry and trainer of many an English mechanic exist to allow
us to form a picture of what the workshop of the late eighteenth and early
nineteenth centuries looked like.

A visit to the Colt Armory, in the third section of the paper, illuminates
the next half century of progress. Elihu Root, at the Colt factory, brought to
a high state of refinement a system of manufacture based or the notion of
interchangeability of parts and the development and use of special purpose ma-
chinery. The "American System,"” as it was called, was showcased at the Crystal
Palace Exhibition in 1851 and, within twenty years, had been adopted, in whole
or in part, by most of the armories in Europe. Beretta adopted the entire sys-
tem, contracting with the American firm Pratt and Whitney to build a complete
factory in Gardone.
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In section four, we deal with the Taylor System, which had profound impli-
caticns not only for the firearms industry, but for all of manufacturing. To
explain the changes brought about in the workplace by this system, we turn to
Hugh Aitken's detailed explication of the introduction of the Taylor System at
the Watertown Arsenal.

Company records for Beretta are sketchy for this period. We know that fol-
lowing the First World War, Pietro Beretta complet:l;y renovated the factory,
introduced machinery compatible with the innovation of high-speed tool steel,
and incorporated the principles of scientific management as enunciated by Fayol
and Taylor. We know little about how Taylorism was adopted by Heretta; indeed,
beyond such aggregate statistics as the plant's expansion to three times its
size and its realization of a tenfold increase in productivity over a period
of fifteen years, we know little of Beretta's progress during the Taylor era.

The next three sections deal with the postwar epochs--the Dynamic World, the
Numerical Control era, and the dawning of the age of Computer Integrated Manu-
facturing. As Beretta was by this time a8 leader in the technology of arms man-
ufacture, the discussions of these epochs focus specifically on the Beretta
factory. :

Together, these latter epochs constitute a fundamental shift in the paradigm
of production--from a world view of managing material procassing to one of
managing intelligence. It is to this shift, which heralds a radical departure
in the way we conceive of manufacturing and holds many lessons for all of metal
fabricating, that we wish to draw the reader's attention. While the explication
of the first three epochs is interesting and estgblishes a perspective on the
evolution of process control, it is in promoting an understanding of the nature
and impact of the latter three that this paper makes its princisal contribution.

There is a consistency in the circumstances of these six epochs as they were
experienced by Beretta.

(1) Each epochal change represented an intellectual watershed as to how people
thought about the manufacturing problem.

(2) Most of the gains in productivity, quality, and process control achieved
by Beretta in its five hundred year history were realized during the as-
similation of the six epochal changes and very little between them.

(3) Each epoch entailed the introduction of a new system of manufacture; the
machines, the nature of work, and the organization all had to change to meet
a new technological challenge.

(4) It took about ten years to assimilate the change incurred by each epoch.

(5) Every change represented the solution of a process control problem whose
process variance was perceived to be highest.

(6) All of the changes were triggered by technology developed outside the firm.
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It is obvious that each of the epochal changes would affect all of the metal
fabricating industries, and they did. But by examining these changes at the
level of the work station in a single firm concerned with the manufacture of a
single product, the firearm, we can see their impact in sharpest relief and
observe a consistency that suggests powerful lessons for the management of
technology. Our objective in scrutinizing a variety of historical records is
not to trace the origin of ideas in process control, or even the full impact
of these ideas on manufacturing, but rather to analyze how they have affected
process variance--the measure of “out-of-control"ness that a process is de-
signed to contain--and how the reduction of this variance has led towards s
science of manufacturing.

Let us begin with a product consisting of two or more metal components that
must be bonded together. The manufacture of such a product will entail two
processes, (1) a metal-fabricating process in which the individual components
are formed, and (2) an assembly process in which the separate components are
brought together. For purposes of this paper, it will suffice to say of the
latter that it consists in a sequence of operations in which two or more com-
ponents are selected, located, fitted, and bonded together. In following the
evolution of process conirol, we are principally concerned with the former op-
eration, metal-fabricating.

The purpose of a metal-fabricating process is to bring about a transforma-
tion, according to closely prescribed specifications, in the form, physical
characteristics, or finish of a metal component. A measure of the effectiveness
of a process is the ability of the set of people, machines, and procedures th.t
impinge upon it to meet the specifications established for the component the
process is intended to produce. Some degree of variation is implicit, inasmuch
as the performance of a process is never perfect. Sources of variation can lie
in people, machines, and procedures, as well as in the object being fabricated.
Control of variation is process control. Thus, the study of process control
is the study of the kinds of variances that can occur, the sources of these
variances, and the means by which they can be managed. A measure of the effec-
tiveness of process control is the degree to which variances are minimized.

In measuring the characteristic being transformed for a specific lot of
components produced by a particular process, the frequency of occurence for a
given measure will follow the distribution in Figure 1. The mean of the dis-
tributjon, the standard deviation, and the desired standard of performance are
of interest to us. The difference between the mean and the desired standard
tells us how close we have come to satisfying our requirements; it is a measure
of the accuracy of the process. The standard deviation, as & measure of
dispersion, tells us to what degree the process is capable of repeating the
desired performance; the smaller the dispersion, the more capable the process
is of repeating the desired performance. It is a measure of precision, and is
due to limits in the ability both of a machine to execute identical performances
and of the persons and procedures that direct the machine. Variance due to ma-
chines is defined as repeatability, variance due to people and procedures,
reproducibility.
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Figure 1: Frequency of occurence for 8 given measure.

1f we measure, for the same component as above, the means and standard de-

viations for sequential lots, we

would find that over time the mean of the

process keeps changing. The standard deviation of the mean of the process, de-
fined as the stability of the process, is & measure of how well it performs over
time. Syster variance is the net variance due to accuracy, precision,

reproducibility, and stability.
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All of the measures of variance assume that we have not made any adjustments
to the process. In practice, we always make adjustments to a process when
something goes wrong, and 8 process that accommodates such adjustments is ob-
viously desirable. Accuracy, as we noted earlier, is the systematic bias in a
process, stability, the manner in which that bias shifts over time. To the ex-
tent that we can adjust the process we can correct the bias and bring it closer
to the desired standard. The capability of a process to make dynamic adjustments
and correct for bias is termed adaptibility. A measure of adaptibility is the
variance between system variance and variance in repeatability.

The requirement for adaptability is quite different depending on whether we
want to make one component or a large number of identical components. To be
adaptable with a sample of a single component a process must have a high degree
of accuracy. More important in a process for producing large numbers of iden-
tical components are precision and stability, as we can compensate for accuracy
by making adjustments. The greater the stability of a process, the less fre-
quently it will have to be adjusted.

Before proceeding with our discussion of the evolution of process control,
we need to define one further notion, that of versatility. Inasmuch as it has
nothing to do with variances in product characteristics, versatility is quite
different from the notions discussed above, yet it has important implications
for process contrel. Versatility is the ability of a process to accommodate
variety in process specifications. As greater versatility usually reflects
greater complexity in a task, the sources of variance can be expected to in-
crease.

As we shall see, the six epochs represented attempts to tackle specific
problems in the management of system variance--accuracy, prec.sion,
reproducibility, stability, versatility, and adaptabil:ty. It will become ap-
parent that the ethos of process control required to manage each of these is
quite different. It is extremely difficultr for a firm to manage the conflicting
demands of two successive process control paradigms; the management of tech-
nology requires a quick transition from one to another.

We will shortly examine the relationship between technology and work in each
of the six epochs, attending closely to Table 1 (A-C), which summarize some of
our findings along dimensions that will hopefully provide some insight into the
nature of these epochal shifts.
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GUN-MAKING IN GARDONE -- THE FIRST THREE CENTURIES

For three hundred years after its inception gun-making in Gardone changed
little. But elsewhere, spurred by the development of machine tools in the
latter part of the eighteenth century, innovations were introduced in both the
techniques and organization of work involved in gunsmithing. By contrasting
the practices related below to those described in the subsequent sections on
the English and American systems of manufacture we can begin to understand the
changes that Gardone had to catch up with.

In the 1880s in Gardone locking mechanisms were made in shops that were
little changed from those of three hundred years earlier. The three plates in
Figure 2,? taken from Diderot's Encyclopedia, show the shops and the kinds of
tools and measuring instruments then in use. Although the shop illustrated in
the plates was where assembly was done, shops that fabricated components would
not have looked much different. There would be a forge to make small components
and a crude drilling machine, but there would be no planer machines to do metal
cutting. Hammers, chisels, and files were the principal tools, calipers and
wooden rules the only measuring devices.

Shops kept models of locking mechanisms from which the craftsmen worked,
constantly comparing the component being manufactured with the model. Compo-
nents were hénd forged, ‘iled to shape, fitted together, and then hardened. The
bulk of the work in tleu2 shops consisted in filing and fitting pieces. The
assembly process was imprecise, a matter of repeated trial and error and ad-
justment.

Although models were far and away the primary means by which artisans com-
municated dasign intent, some designs were replicated in primitive drawings,
which circulated among the masters. The engravings shown in Figure 3 are from
the introductory plates of Verschiede Stucke Fur Buchseamacher by Johann
Christoff Weigel, probably the most widely circulated and influential gun design
book of the span 1650-1750.% The drawings are remarkable in that they carry no.
specifications or dimensions. Only design intent and functionality are commu-
nicated, the interpretation of the design by the master serving as the basis
for construction of the mechanism.

! Diderot's Encyclopedia, Arquebusier," plates II, III, IV. Reproduced cour-
tesy of the Kress Library of Business and Economics, Baker Library, Harvard
Business School.

Verschiedene Stucke Fur Buchsenmacher, 1702. Originally in Plusiers Models
des plus nouvelles manieres qui sont en usage en 1'Art d'Arquebuzerie,
Paris, 1660. Reproduced from Diderot's Encyclopedia, 'Arquebusier,’ plates
V, VI, courtesy of the Kress Library of Business and Economics, Baker Li-
brary, Harvard Business School.
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Figure 2: Early shop, tools, and measuring instruments for gun-making.
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International distribution of designs for gunsmithing dates to 1635, the year
of publication of the first book of patterns by Phillipe Daubigny. The custom
proliferated rapidly in France and, after about 1700, in Germany as well. It
was the German books that exercised a strong influence in Brescia. By the end
of the first quarter of the eighteenth century, the classical Brescian designs
had been abandoned by gunmakers in favor of the new fashions then dominant in
Germany and Austria. Brescian gunmakers adonted not only German gun architecture
and external structure, but also German mechanisms.

Production involved the master, the model, and a set of calipers. If there
were drawings, they indicated only rough proportions and functions of compo-
nents. Masters and millwrights, being keenly aware of the function of the
product, oriented their work toward proper fit and intended functionality. Fit
among components was important, and the master was the arbiter of fit. Appren-
tices learned from masters the craft of using tools. Control was a developed
skill, which lay in the eyes and hands of the millwright.

A master's shop employed about eight people. Annual production was about 260
locking mechanisms. Although the pace of work was usually quite leisurely, the
productivity of these shops could as much as quadruple during peaks of demand.

Whereas barrel making shops were functionally focused and organized around
five classes of workmen--forgers, borers, smoothers, Jilers, and
finishers--shops engaged in the construction of locking mechanisms had a product
focus. The work in these shops consisted in bringing the components together
and obtaining the ~ight fit. Everyone in the shop was involved in all stages
of the production process, which consisted of forging, filing, fitting, and
polishing. As the principal activity, fitting, involved filing and fitting two
or more components and polishing the composite workpiece, we see that the fab-
rication of components and their assembly were closely intertwined.

Given the organ:zation and activity of these shops, what can we say about
system variance? Note that the construction of locking mechanisms at this time
involved only the use of hand tools and vises. There were 20 jigs to properly
align or locate components. With no machinery to speak of, considerations of
precision and stability are moot. Reproducibility accounted for all systenm
variance, which was very high. With only calipers and wooden scales, and control
totally in the hands of the craftsman, the standard deviation of error was as
large as one-sixteenth of an inch.

With such high variance, one cannot think of the manufacture of a number of
items together, only of the making of each individual item. The fit between
mating components is impossible to achieve without having both physically
present. Accuracy is achieved here through the adaptability of the craftsman
in appropriately adjusting the contours.

Note two important aspects of the process we have been examining.

(1) An assemblage of components was required to fabricate and assemble a single
product. The craftsman had to view each item independently of other items.
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(2) The measure of skill lay in degree of adaptibility, i.e., the ability of
the craftsman, or operator, to adjust to a wide variety of conditions, and
the speed of adjustment necessary to obtain the required accuracy. The speed
of adjustment between high skill and low skill could be as large as four
to one.

With adaptability of the operator being so important, it was only natural
that managerial response was directed towards increasing skills and maintaining
a skilled workforce. Systems that developed adaptive skills flourished, and the
master-journeyman model survived for many centuries.

As adaptive skills are really contingent responses to a wide variety of work
conditions, procedures cannot readily be transferred. A journmeyman had to learn
by observing the indiosyncratic behaviors of the master. The master could solve
the most difficult of problems, and fashioned each product such that quality
was inherent in its fit, finish, and functionality.

It should be noted that adaptibility is a response to the inability of a
process to obtain adequate accuracy, precision, reproducibility, and stability.
Thus it is a symptom of a deeper problem. Process improvement entails elimi-
nating the need for adaptability and thus the very skills of the master. Suf-
fice it to say, for the moment, that to reduce system variance at this stage
it would be necessary to:

(1) introduce more accurate measuring instruments so that one could obtain
constant feedback on the state of the product and thereby strengthen adap-
tive response;

(2) devise tools that would lend greater control, and thus, precisiun, to the
process of metal cutting; and

(3) simplify product designs to reduce variance due to reproducibility.

A fundamental shift in the focus of technological attention is inherent in all
these requirements.
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THE ENGLISH SYSTEM OF MANUFACTURE

The machine tool industry was born in England in the late eighteenth and
early nineteenth centuries through the agency of English mechanics who devised
tools that added greater precision to the process of metal cutting and intro-
duced accurate measuring instruments that helped them achieve a high class of
workmanship. The building and use of tools was the focus of their attention.
The tools themselves, being general purpose, could be used to fabricate a va-
riety of workpieces. The apprentices who trained in the shops of the great
English mechanics were much sought after, many having become skilled in the use
of instruments and machines. Their skills being applicable to the building of
many different workpieces, apprentices focused on the tools they used rather
than on the products they fabricated.

With the development of machine tools, the functionality of a product could
no longer be viewed together with the process used to make it. With their sep-
aration, the process took on a life of its own, enabling process improvements
to be made independently or product contraints. This was the intellectual leap
that freed the development of technology from the constraints of the product.
Once it occurred, the flovering of technology was very rapid. Within fifty
years, the technological landscape was revolutionized. The seeds of the new
system of manufacture that would utilize the new technolgy were sown by a young
mechanic, Henr: Maudslay, rho worked at the Woolwich Arsenal.

Tools for the Woolwich arsenal

The tools being built by Maudslay around 1789 were a source of great wonder
to his fellow workers. A Lyrn craftsman, whose skill was the pride of the entire
shop, Maudslay supplemented dexterity with an intuitive power of mechanical
analysis and a sense of proportion possessed by few men. He exhibited a genius
for accomplishing his ends by the simplest and most direct means.

Of all his phenomenal achievements, Maudslay is best known for the develop-
ment of the slide rest, and its combination with a lead screw operated by change
gears (Figure 4). One of the great inventions of history, it is used in almost
every machine tool.

Like most great inventions, the slide rest was a product of many minds.
Leonardo da Vinci had made crude drawings of it. Besson's screw cutting lathe,

4 Illustrated Machine-Tools of 1885 (Manteno, Ill.: Lindsay Publications,
1981), 60-61. From Hutton, F. R., Report on Machine-Tools and Wood-Working
Machines (Washington: Government Printing Office, 1885).
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Figure 4: The slide rest, circa 1885

built in 1569, shows & lead screw.® An illustration of an early slide rest,
shown as Figure 5, is taken from Diderot's Encyc.opedia.® Samuel Bentham an-
ticipated the combination of slide rest and lead s.rew operated by change
gears.® "When the motion is of a rotstive kind," bentham wrote in his 1793
patent, "advancement (of the tool) may be provided by hand, yet regularity may
be more effectually insured by the aid of mechanism. For this purpose one ex-
pedient is the connecting, for instance, by cogged wheels, of the advancing
motion of the piece with the rotative motion of the tool."” But it was to

Woodbury, R. S., Studies in the History of Machine Tools, "History of the
Lathe to 1850" (Cambridge, Mass.: The M.I.T. Press, 1972), 56.

Diderot's Encyclopedia, "Tourneur," plate XXXVII. Reproduced courtesy of

the Kress Library of Business and Economics, Bake: Library, Harvard Business
School.

Roe, J. W., English and American Tool Builders (New York: McGraw-Hill,
1926), 38.

See British patent records. Patent No. 1951, dated April 23, 1793.
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Figure 5: An early form of the slide rest.
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Maudslay that the distinction of actually designing and developing the first
pover-driven and controlled lathe fell.

To take the place that it did in industry, the lathe had to possess a number

of features, enumerated by Robert Woodbury below, which Maudslay was able to
to synthesize.

An industrial lathe must have: first, the ability to machine an iron or
steel workpiece of a substantial industrial size. In order to meet this
requirement the lathe must itself normally be made of iron or steel and have
its various parts of dimensions such that it can withstand the stresses set
up in it by cutting the ferrous metals.

Second, the industrial lathe must also be supplied with a source of power
and means of its transmission to the workpiece and to the cutting tool ad-
equate for cutting iron and steel at rates which are economical. This re-
quires a suitable headstock spindle with means for its drive, and a tool
carriage with its feed.

Third, the industrial lathe must itself be constructed with adequate
rigidity and precision so that it is capable of producing a precision nearly
equal to its own in the workpieces turned upon it. . . . Rigidity in a lathe
is providec partly by the material of which it is made and partly by the
design of its parts, but precision depends also upon the accurate con-
struction cf certain of its features, especially the spindle bearings, the
guideways, ind the lead screw. The precision actually needed in the indus-
trial la:he at any given period is somewhat greater than that required for
the work to be done on it.

Fourth the industrial lathe must have flexibility. Only a few machine
shops in .t e mid-19th century could afford to have specialized machine
tools, such as a boring engine, a screw-cutting machine, or a gear-cutting
machine. Most shops had to depend upon a lathe, a planer or shaper, and a
drilling machine. . . . To achieve flexibility the lathe needs at least
change gears for both screw cutting and longitudinal feed of the tool, cone
pulleys or some other means of varying the speed of the workpiece and the
cutting rate, a sliding tailstock to take work of different lengths, and a
chuck or a face plate for boring or for other turning not possible with the
workpiece mounted between centers.®

The machine that Maudslay built in 1800 (Figure 6)® was, according to Roe,

"distinctly modern in appearance. It has a substantial, well-designed,
cast-iron bed, a lead screw with 30 threads to the inch, a back rest for
steadying the work, and was fitted with 28 change wheels with teeth varying in

Woodbury, R. S., Studies in the History of Machine Tools, "History of the
Lathe to 1850" (Cambridge, Mass.: The M.I.T. Press, 1972), 96-97.

Ibid., 104. From British Crown Copyright, Science Museum, London.
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number from 15 to 50."!® Maudslay built lathes for screw cutting on which he
cut some of the best screws to that time. One of these "was principally used
for dividing scales for astronomical and other metrical purposes of the highest
class. By its means divisions were produced with such minuteness that they could
only be made visual by a microscope."”!!

His many inventions notwithstanding, Maudslay's importance lay less in the
development of machines than in the founding of the machine tcool industry and
the radical transformation of shop floor practice. "I believe it may be fairly
advanced,” wrote Holtzapffel, "that during the period from 1800 to 1810, Mr.
Maudslay effected nearly the entire change from the old, imperfect, accidental
practice of screw making to the modern, exact, systematic mode now generally
followed by engineers."!?

"Maudslay's standard of accuracy," Roe observes, "carried him beyond the use
of calipers."?? In his workshop, Maudslay kept a highly accurate bench micro-
meter, which he referred to as 'The Lord Chancellor." About sixteen inches
long, the micrometer had two plane jaws and a horizontal screw, a scale gradu-
ated in inches and tenths of an inch, and an index disk on the screw graduated
to one hundred equal parts. "Not only absolute measure could be cbzained by this
means," remarked Nasmyth, "but also the amount of minute differences could be
ascertained with a degree of exactness that went quite beyond all the require-
ments cf engineering mechanism; such, for instance, as the thousandth part of
an inch."?*

Nast. th further observed that "the importance of having S:andard Planes
caused him (i.e., Maudslay) to have many of them placed on the benches beside
his workmen, by means of which they might at once conveniently test their work.

. This art of producing absolutely plane surfaces is, I believe, a very old
mechanical 'dodge.' But, as employed by Maudslay's men, it greatly contributed
to the improvement of the work turned ocut. It was used . . . wherever absolute
true plane surfaces were essential to the attainment of the best results, not
only in the machinery turned out, but in educating the taste of his men towards
first-class workmanship."?!*® Whitworth would later assert "the vast importance
of attending to the great elements in constructive mechanics,--namely, a true

i

Roe, J. W., English and American Tool Builders (New York: McGraw-Hill,
1926), 41.

'3 Autobiography of James Nasmyth (London, 1883), 140.

12 goltzapffel, Vol. II, 647.

13

Ros, J. W., English and American Tool Builders (New York: McGraw-Hill,
1926), 4S.

Autobiography of James Nasmyth (London, 1883), 150.

1% Ibid., 148-149.
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Figure 6: Maudslay's lathe, circa 1800.

plane and the power of measurement. The latter cannot be attained without the
former, which is, therefore of primary importance. . . . All excellence in
workmanship depends upon it."!*

This taste for accuracy and workmanship was Maudslay's lasting legacy.
Through his workshop, which employed several hundred men at one time, passed
nearly the entire coterie of great machine tool builders. Clement, Roberts,
Whitworth, Nasmyth, Seaward, Muir, and Lewis showed, throughout their lives and
in a marked way, Maudslay's influence upon them. The methods and standards of
Maudslay and Field, spread by the former's workmen into the various shops of
England, made world leaders of English tocl-builders.

Under the leadership of the "Maudslay men," all of the great metal-working
machine tools achieved a form that remained essentially unchanged for nearly a

1¢ presidential Address. Institution of Mechanical Engineers (1856), 125.
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century. Fngland enjoyed unquestioned leadership in the machine tool industry,
supplying ncarly all of the machine tools used in France and Germany, whose own
machine tool development lagged a generation or two behind.

The influence of the English mechanics was not limited to the building of
machinery. Their mode of apprenticeship had produced a cadre of individuals who
conceived a new system of manufacture, a system whose foundation rested on Me-
chanical Engineering and whose roots lay in principles of measurement and ac-
curacy and the ability to meet tolerances. Theirs was not a skill based on
knowledge of the functions required to manufacture a specific product, but
rather knowledge of tools and of scientific principles of measurement skills.
These skills, and the general-purpose machine tools being produced at the time,
could be applied to a variety of products. The accuracy, precision, and pro-
ductivity of general purpose machine tools was greater than that of hand tools
and other product specific tools then in use in the various industries. This
system of manufacture quickly came to predominate in machine shops in England
and soon spread throughout the rest of Europe.

The Engineering Drawing

The engineering drawing, as a medium of communication in engineering work,
did not exist prior to 1800. Engineering work was defined by a physical model
of a product that was to be reproduced. In the manufazture of a rifle barrel,
for example, a worker would ensure that the dimensions of the barrel he was
working on corresponded to those of a model barrel by using calipers to transfer
measurements from one to the other. Because each worke needed his own model
barrel to work from, the greater the number of worker: a shop had, the greater
the number of model barrels it had to supply. As it was impossible, given the
standards of accuracy of the time, to make all model barrels identical, the
manufactured barrels, too, were all different.

La Geometrie descriptive, written by Gispard Monge in 1801, was the first
formal treatise on modern engineering drawings. In it, Monge developed the
theory of projecting views of an object onto three mutually perpendicular co-
ordinate planes (such as are formed by the front, side, and top of a cube) and
then revolving the horizontal (or top) and profile (or side) planes onto the
same plane as the vertical (front) plane. The fundamental theory of all
orthographic (mutually perpendicular) projection is derived from the descrip-
tive geometry of Monge.

Monge showed how drawings need to be dimensioned. Dimensions, the size
specifications added to the shape description as provided by the orthographic
drawings, consisted of the numerical values of the measurements directed to the
proper location on the part and the relevant surfaces or locations on the ob-
ject. For drawings to replace models as a medium of communication, one needed
accurate measuring instruments. The English system of manufacture, with its
basis in measure, created a variety of such instruments.

Together, mechanical drawings and the English system altered the organiza-
tion of work. With an objective standard of performance (a mechanical drawing),
which was the same for every worker, models were no longer needed. Work could
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be compared to the desired standard using an objective measure of performance,
the micrometer (Maudslay's "Lord Chancellor"). The master was no longer needed
for guidance or approval; the worker could obtain the former from a drawing and
verify his work with the appropriate measuring instrument.

With clear specifications of what is required and an objective standard with
which to compare performance, we would expect system variance due to accuracy
to be markedly reduced. With workmanship a prized objective and no longer
product specific (a workman trained to turn out a metal shaft for a horse-drawn
carriage could now turn out a rifle barrel as well), we would expect the guild
system to collapse. As workers needed no longer be ingratiated to a master, but
were free to leave as soon as they had developed the necessary skills, we would
expect to see a market develcp for skilled labor. We will see all of these things
happen at Beretta. What the merchants of Brescia and Venice and the Doges man-
aging the Venetian Arsenal could not do, the mechanical drawing and micrometer
achieved in a span of fifteen years.

Gardone Shops for Barrel-Making

Gardonsa became part of the Napoleonic French republic on 21 September 1792.
As the revolution had deprived the French aristocracy of political and economic
power, so the Napoleonic era had a profound effect on Gardone gunsmithing.

The cooperative artisan organization of Gardone, considered "antidemocratic"
by the francophile municipal authorities, had been completely dismantled.
Anyone c. 11d now engage in the various professions, or "arts,"” cf barrel-making.
The ba-rel-master under the guild structure was, under the English system, re-
placed ty the machine operator. Under this system, each person was responsible
for all aspects of making a component.

The Liglish system of manufacture introduced to Beretta during the French
occupation transformed the arms factories in Brescia. The French had found that
with drawings and general purpose machines they could have one large factory
instead of many smail shops. The new, state-owned arms factory established in
Brescia to maintain the supply of arms to the French army was furnished with
the latest machinery, imported from France, and operated under the factory
system of production. For the first time, the masters had to contend with a
radically different technology and organization of work. Marco Cominassi writes
of the factory:

The work force of the Imperial-Royal Factory in Gardone consists of 180
skilled workers, not counting apprentices or the women who work there; to-
gether they could produce two thousand barrels a month. A huge building,
property of the public treasury, serves as the residence of the supervisors
and agents, and of the captain when he comes here from Brescia; here, too,
the iron that is advanced to the workers is given out, and where they bring
the finished product. The barrels are proved in the presence of the captain.

The work is divided up among five classes of craftsmen, called the
forgers, the borers, the smoothers, the filers and the finishers. Each of
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these groups elects a leader who retains office for three years, and lives
in Gardone without ceasing to participate in the work; these leaders, under
the presidency of the captain, form the administrative council of the fac-

tory.

The forgers receive their iron in flat rectangles purified under the
drophammer; they wrap it around the mandril by force of fire and hammer so
that the two long edges are fused together and form a barrel.

The barrel having been roughed out and certified as perfect by a super-
visor, it passes on to the borers, who use water-driven machinery (see
Figure 7)’ to clean out the scaly bore with rough circular files, first
narrow, then of ever greater diameter, until the required size is reached.
But since the borers cannot make the bore perfectly cylindrical with their
instruments, the barrel passes next to the smoothers, who subject it to
subtle and careful labours. The external finish is then entrusted to the
filers who, with a diligence that is partly a specialty of this factory,
reduce the barrel to final shape by bringing in into contact with a large
water-powered sanding disc. Next comes the polishing phase, done by the
finishers with special files, and finally the fine-polishing is done with
various abrasives by the women. The breechers, those who fit the sights
and the proofers constitute an appendix to the five classes of above-named
craftsmen. '’

The effect of the machinery and organizational structure of the state-owned
facto..y at Bresc. 1 was like a shock to Gardone. The productivity of the factory
and the qualitr of the muskets it produced for the military far exceeded that
of the shops orf the Gardonese artisans. Artisans at the state-owned factory
were, with but three years of training, turning out a product far superior to
that being turnnad out by masters who had devoted a lifetime to their art. Omly
the mercantile c¢intracts of Beretta kept the masters in business at all. Their
marlets in the Levant were being lost to French, English, and Belgian compet-
itors. If Beretta and the other shop owners were to remain viable, they would
have to modify their activities. It would not be easy to assimilate the changes
that had occurred in the industy, but the Gardonese had little choice but to

try.

Pietro Antonio Beretta attracted a number of newly trained artisans from the
state factory. He purchased three new machine tools and expanded the scope of
activities within his shop, which grew from eight to forty people and enjoyed

Morin, M., and R. Held, Beretta: The world's oldest industrial dynasty
(Chiasso, Cwitzerland: Acquafresca Editrice, 1980), 203. From Treatise on
Portable Firearms and Edged Weapons (Vienna: Imperial-Royal Printing Office
of the Court and State, 1829), plates III, V.

'% Ibid., 199-202. From "Notes on the Arms Industry in Gardone in the Trompia
Valley," Giornale (Imperial-Royal Lombard Institute for Science, Letters
and Art).
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Figure 7: A Barrel-borer (square figure) and Asymtotic barrel lathe
(rectangular figure), circa 1829.
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a four-fold increase in productivity. The greater size and increased produc-
tivity of the rejuvenated shop represented an order of magnitude increase in
productive capacity.

In 1815, Beretta travelled widely, establishing contacts with importers,
wholesalers, and retailers. The network he established was woven tighter by his
son, Giuseppe, who achieved the unification, in a single factory, of the com-
plete manufacture of a firearm.

The importance of the attention of the master to product quality gave way
to the availability of operators trained under the new system. It was the
availability of the skills of the latter that became the new constraint on
growth. This constraint would not be long-lived, though. It was, as we shall
see, soon to be relaxed by the introduction of the American System of Manufac-
ture.
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THE AMERICAN SYSTEM OF MANUFACTURE

While the English were evolving a system of manufacture whose ethos was ac-
curacy, a new system, based on precision and interchangeability (of parts) was
being developed in the United States. Implicit in the exploitation of inter-
changeability of parts is a need for a large number of identical components.
In fact, one only thinks about interchangeability when such a need exists. With
the emphasis of their system on accuracy, English mechanics and engineers made
parts to fit (i.e., to mate with one another). The better the fit, the better
the workmanship, with "perfection" being the objective. As "fit" was achieved
by conctgtrating on the relationship between components, one made parts one at
a time.

Interchangeability, by contrast, relied on the existence of clearance be-
tween parts. The greater the clearance, the easier it was to make parts inter-
changeable. Thus, the objective of interchangeable manufacture was to move from
perfection of fit towards the greatest possible clearance without losing the
functiorality of the product. In doing so, the intellectual problem changed
from that of generating perfection of fit to one of managing clearances between
components. These concerns are at opposite poles.

Cleacances allowed for variances, and the management of these variances was
the hal mark of the American System of Manufacture. Interchangeable manufacture
allouwed for the separation not only of fabrication and assembly, but also of
the aifferent operations in fabrication from one another. Managing variances
entailed prescribing limits and then achieving the precision imposed by these
limits by developing machinery that was constrained in its operation and a
system of gauges that would insure that fabricated parts were indeed inter-
changeable.

The simultaneous introduction of special purpose machines and systems of
gauging and inspection had the effect of reorienting the thinking of engineers
away from the making of individual components toward the development of systems
for manufacturing large lots of components. Charles Babbage, in his celebrated
work, On the Economy of Machinery and Manufacture, was the first to distinguish
the English and American systems on the basis of meking versus manufacturing.
Engineering problems were radically different between the two systems. The es-
sential feature of precision manufacture was exact duplication utilizing
matched or common fixtures, tools, and size gauges. Workpieces were produced

1% Paul Uselding discusses the differences between the two systems of manu-

facture and their relation to precision and accuracy in "Measuring Tech-
niques and Manufacturing Practice,” Yankee Enterprise: The Rise of the
American System of Manufactures 0. Mayr and R. C. Post, eds. (Washington,
D.C.: Smithsonian Institution Press, 1981), 109-110.
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to fit these fixtures, tools, and gauges and not to exact size relative to a
universal standard of measurement.

Although the first complete manufacturing system based on interchangeable
parts, a system for making pulley blocks, was built by Brunel, Bentham, and
Maudslay at Portsmouth in 1795, their achievement did not alter the intellectual
ethos of technological achievement in England. Development of the system was
left to the Americans. Our concern with interchangeability in America is not
with its origins, which are the subject of some debate, but rather with its
effects on the nature of work.

The Whitney Factory

Eli Whitney, in carrying out a contract for the manufacture of firearms se-
cured from the United States government in 1798, employed much the same tech-
niques as other gunsmiths of the time. His stocks were made by hand shaving and
boring and his barrels were forged by hammers upon anvils and finished with rude
drills and grindstones. The lock parts (see Figure 8)!® were ground and drilled,
filed approximately to patterns, and fitted together. Whitney's innovation was
to make the lock parts more uniform by the systematic use of hardened jigs and
classify the work on a more intelligent and economical basis.

Assembling the lock parts was considered a crucial test of interchangeabil-
ity. Because they could not be filed or milled after hardening, lock parts were
traditionally assembled and fitted soft and then marked or kept separate to
woid mixing after hardening. 1ln order to be assemblad after hardening, lock
parts had to be made interchangesble.

Whitney systematized the work of firearms manufacture by making the parts
in lots of large numbers and employing unskilled labor to file them to hardened
jigs. Operations in his factory are described by Wilma Pitchford Hays.

The several parts of the musket were, under this system, carried along
through the various stages of manufacture, in lots of some hundreds or
thousands of each. In their various stages of progress, they were made to
undergo successive operations by machinery, which not only vastly abridged
the labor, but at the same time so fixed and determined their form and di-
mensions, as to make comparatively little skill necessary in manual oper-
ations. Such were the construction and arrangement of this machinery, that
it could be worked by persons of little or no experience, and yet it per-
formed the work with so much precision, that when, in the later stages of
the process, the several parts of the musket came to be put together, they
were readily adapted to each other, as if each had been made for its re-
spactive fellow. A lot of these parts passed through the hands of several
diff.crent workmen successively, (and in some cases several times returned,
at intervals more or less remote, to the hands of the same workman,) each

20 gSmith, M.R., Harper's Ferry Armory and the New Technology, (Ithaca, N.Y.:

Cornell University Press, 1985), 87. Drawing by Steve Foutz.
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Figure 8: Lock parts for U.S. Model 1842 musket.

performing upon them every time some single and simple operation, by ma-
chinery or by hand, until they were completed. Thus Mr. Whitney reduced a
complex business, embracing many ramifications, almost to a mere succession
of simple processes, and was thereby enabled to make a division of labor
among his workmen, on a principle which was not only more extensive, but
also altogether more philosophical than that pursued in the English method.
In England, the labor of making a musket was divided by making the different
workmen the manufacturers of different limbs, while in Mr. Whitney's system
the work was divided with reference to its nature, and several workmen
performed different operations on the same limb.

It will be r.adily seen that under such an arrangement any person of
ordinary capacity would soon acquire sufficient dexterity to perform a
branch of the work. Indeed, so easy did Mr. Whitney find it to instruct new
and inexperienced workmen, that he uniformly preferred to do so, rather than
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Figure 9: A set of "go"-"no go" gauges.

to attempt to combat the prejudices of those who had learned the business
under a different system.?!

As a means to ensure precision in barrel manufacture, Whitney introduced "go"
and "no go" gauges Figure 9).2? The smaller of the two plugs was to fit into
the barrel. If it did not, or if the large plug did Zit into it, the barrel was
rejected. Imposition of explicit standards improved the quality of arms and,
in the 1830s, the Urdnance Department began supplying manufacturing gauges to
contractors.

Of Macaines and Men

Of this period, Fitch wrote that

so far as machinery had been introduced, its construction was rude, and its
use exceptional. Hand-shaving and chiseling for the stocks, and hand-
forging, grinding, and hand-filing for the metal parts, constituted nearly
all of the work.

2! Hays, W. P., Eli Whitney: Founder of Modern Industry (Maw York: Franklin

Watts, Inc.,), 53-54.

2 Mayr, 0., and R. C. Post, eds., Yankee Enterprise: The Rise of the American

System of Manufactures (Washington, D.C.: Smithsonian Institution Press,
1981), 113. From the Brown and Sharpe Manufacturing Co.; Smithsonian In-
stitution Neg. No. 81-202.
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Apart from all consideration of the earliest usage of specific machines,
it must be said that their introduction did not make itself felt as a great
industrial agency until within twenty-five years past, in instance of which
it may be stated that in 1839, there were at the Springfield armory about
six men to one mathine, and the ratio at other works seems to have been
equally large; for of the private armories most reputed for early improve-
ments one is stated at this time to have had but a single milling-machine,
and that a rude one; and at another armory a single gang-saw
profiling-machine was the principal stocking machine in use. It was some
fifteen years later before the manufacture of milling, edging, and other
important gun machinery was conducted on a scale sufficiently extensive for
the general outfitting of large armories.??

The use of this machinery coupled with the use of water power to drive it
had combined, as we saw in the earlier description of the Whitmey factory, to
reduce the skill requirements, though not necessarily the cost, of labor. Fitch
observed that

relative to the skill required in the manufacture (of guns), since most of
the work is special and done by the piece, few of the operatives may, in
any case, be placed under tae schedule caption of ordinary laborers. The
foremen upon the several jobs or sub-contracts (who may be usually rated
at 1 foreman to 30 or 40 oneratives), the blacksmiths and the machinists
proper, the tool-makers and the barrel-straighteners, are considered
skilled workmen, but the mrchine-tenders and other operatives, however
proficient in tieir specia duties, are not so considered. The skilled men
thus specified will genect!ly constitute less than 20 per cent of all. But
in many factories much of the machinery is tended by experienced men,
drawing the wages of skilled workmen, and the employment of unskilled labor,
often adduced as an advan-age due to improved machinery and the inter-
changeable system, seems .irgely available only on heavy contracts, when
it may be utilized with a careful system of oversight. Machinery may con-
tract the province of certain skilled trades . . . but the . . . increased
fineness and accuracy required in the manufacture of fire-arms demands the
most skillful and experienced oversight, and unskilled labor can only be
employed with the best results upon limited portions of the work. Thus we
find that at most of the larger armories the greater proportion of the op-
eratives draw the wages of skilled men.?*

The system lent itself to piece work, and we find that many arms manufac-
turers subcontracted much of their work, either bringing contractors into their
plants to work under local supervision, or sending the work out to smaller
shops.

%3 Fitch, C. H., Report on the Manufacture of Fire-Arms (Washington: Government

Printing Office, 1882), 7.

2% Ibid., 8.
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The Colt Armory

Thanks to an instructive visit provided by Haven and Belden, we can sece how

the various aspects of the interchangeable system came together in the arms
factory established in Hartford by Samuel Colt.

(The new armory) was finished and operations commenced in it in the Fall
of 1855. As will be observed by the diagram, the ground plan of the prin-
cipal buildings form the letter H. (See Figure 10.)2*%

. the entire manual labor of the establishment is performed by
contract. The contractors are furnished room, power, tools, material, heart,
light, in fact all but muscle and brains. . . . The contractors number some
scores--some particular manipulators requiring only their individual ex-
ertions, while others employ from one to forty assistants. Many of them are
men of more than ordinary ability, and some have rendered themselves
pecuniarily comfortable by their exertionms.

. The whole of this immense floor space is covered with machine
tools Each portion of the fire-arm has its particular section. As we enter
the door the first group of machines appears to be exclusively employed in
chambering cylinders; the next is turning and shaping them; here another
is boring barrels; another group is willing the lock-frames; still another
is drilling them; beyond are a score of machines boring and screw-cutting
the nipples, and next to them a numbe: of others are making screws; here
are rifling machines, and chere the z chines for boring rifle-barrels.

Nearly 400 (machines) are in use 1ii1. the several departments.

It is unnecessary to describe all the operations performed by the ma-
chines; a few will render the whole understandable. Taking the lock-frame,
for instance; they commence by fixing the center, and drilling and tapping
the base for receiving the arbor or breech-pin, which has been previously
prepared--the helical groove cut in it, and the lower end screwed--once
graspec is firmly fixed into position, furnishing a definite point from
which all the operations are performed, and to which all the parts bear
relation. The facing and hollowing of the recoil shield and frame, the
cutting and sinking the central recesses, the cutting out all the grooves
and orifices, planing the several flat surfaces and shaping the curved parts
prepare the frames for being introduced between hard and steel clamps,
through which all the holes are drilled, bored and tapped for the various
screws; so that, after passing through thirty-three distinct operationms,
and the little hand finishing required in removing the burr from the edges,
the lock-frame is ready for the inspector. The rotating, chambered cylinder
is turned out of cast-steel bars, manufactured expressly for the purpose.
The machines, after getting them the desired length, drill center holes,
square up ends, turn for ratchet, turn exterior, smooth and polish, engrave,

Haven, C. T., and F. A. Belden, A History of the Colt Revolver (New York:
William Morrow & Company, 1940), 352.
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Figure 10: Floor plan of the Colt Armory in Hartford, Connecticut, 1855.

bore chambers, drill partitions, tap for nipples, cut pins in hammer-rest
and ratchet, and screw in nipples. In all there are thirty-six separate
operations before the cylinder is ready to follow the lock-frame to the
inspector. The barrel goes through forty-five separate operations on the
macaines. The other parts are subject to about the following number: lever,
27; rammer, 19; hammer, 28; hand, 20; trigger, 21; bolt, 21; key, 18; sear
spring, 12; fourteen screws, seven each, 98; six cones, eight each, 48;
guard, 18; handle-strap, 5; stock, 5. Thus it will be observed that the
greater part of the labor is completed in this department. Even all the
various parts of the lock are made by machinery, each having its relative
initial point to work from, and on the correctness of which the perfection
depends.

. (The upper floor) is designated the Inspecting and Assembling
Department. Here the different parts are most minutely inspected; this em-
braces a series of operations which in the aggregate amount to considerable;
the tools to inspect a cylinder, for example, are fifteen in number, each
of which must gauge to a hair (see Figure 11);2¢ the greatest nicety is

observed, and it is absolutely impossible to get a slighted piece of work
beyond this point. On finishing his examination, the inspector punches his

Mayr, 0., and R. C. Post, eds., Yankee Enterprise: The Rise of the American
System of Manufactures (Washington, D.C.: Smithsonian Institution Press,
1981), 78. From the collections of the Division of Military History, Na-
tional Museum of American History; Smithsonian Institution Neg. No. 62468.
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initial letter on the piece inspected, thus pledging his reputation on its
quality.

On their final completion, all the parts are delivered to the general
store-keeper's department, a room 60 feet wide by 190 feet long, situated
in the second story of the central building, and extending over the rear
parallel. All the hand-tools and materials (except more bulky kinds) are
distributed to the workmen from this place; several clerks are required to
parcel the goods out and keep the accounts; in fact, it is a store, in the
largest sense of the term, and rather on the wholesale principle at that.
On the reception of finished, full sets of the parts of the pistols, they
are once more carried up to the assembling room; but this time to another
corps of artisans. Guided by the numbers, they are once more assembled.

. We have followed (a rifle) . . . through about 460 separate
processes of manufacture, which, in the usual course pursued would have
occupied from three to four weeks of time.

. . During the time of our visit we were informed that scarcely less
than one hundred thousand weapons were at that moment in the various stages
of progress, yet the whole number of employes was little less than six
hundred who, by the aid of mechanical contrivances, turn out an average of
two hundred and fifty finished arms per diem.

In rough numbers it might be stated that supposing the cost of an arm
to be 100, of this the wages of those who attended to and passed the pieces
through the machines was 10 per cent, and those of the best class workmen
engaged in assembling or putting together, finishing and ornament.ng the
weapons was also 10 per cent, thus leaving 80 per cent for the duty done
by the machinery.

. A majority of the machinery was not only invented, but constructed
on the premises. When this department was commenced, it was the intention
of the Company to manufacture solely for their own use. Some months since,
applications were made by several foreign Govermments to be supplied with
machines and the right to operate them. After mature deliberation, it was
concluded to supply the orders, and on the day of our visit we saw a complete
set of machinery for manufacturing fire-arms, that will shortly be shipped
to a distant land. The Company have now determined to incorporate this
manufacture as a branch of their regular business.?’

In the American arms factories, as exemplified by the Colt Armory, the

foremen were contractors who hired their own help as subcontractors to produce
the various parts of the gun. When a man had made his contract, he was provided
with a machine and left on his own to complete the order. Many of the improve-

Haven, C. T., and F. A. Belden, A History of the Colt Revolver (New York:
William Morrow & Company, 1940), 352-358.
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Figure 11: A set of inspection gauges for U.S. Rifle Model 1841.

ments in metal working methods, most of them undocumented, derived from the zeal
of individuals who applied their ingenuity to the machine in front of them in
order to realize the savings that would result from increased productivity. The
Royal Commission on the American System reported that "in the adaptation of

special apparatus to a single operation in almost all branches of industry, the
Americans display an amount of ingenuity combined with undaunted energy.'?*

These improvements were seldom patented. Most became common knowledge, and were

appropriated by others who carried the improvements still further.

With the emphasis of manufacturing during this period on interchangeabilicy
of parts, the focus of control shifted from product functionality to product
conformance. Though still pattermed after a model, a piece was expected to
conform not just to the pieces it was to mate with in a given rifle, but to those
same pieces in every gun of a given design. Accuracy in this system, which might
be as close as a thirty-second or sixty-fourth of an inch, was ensured by an
elaborate system of patterns, guides, templates, gauges, and ./iling jigs.

Writing in 1880 on the degree of uniformity then being achieved Fitch ob-
served that

if gun parts were then called uniform, it must be recollected that the
present generation stands upon a plane of mechanical intelligence so much
higher, and with facilities for observation so much more extensive than
existed in those times, that the very language of expression is changed.
Uniformity in gun-work was then, as now, a comparative term; but then it
meant within a thirty-second of an inch or more, where now it means within
half a thousandth of an inch. Then interchangeability may have signified
a great deal of filing and fitting, and an uneven joint when fitted, where
now it signifies slipping in a piece, turning a screw-driver, and having a
close, even fit.2?

Mayr, 0., and R. C. Post, eds. Yankee Enterprise (Washington, D.C.:
Smithsonian Institution Press, 1981), xii.

Fitch, C. H., Report on the Manufacture of Fire-Arms (Washington: Government
Printing Office, 1882), 4.
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As product conformance relied on repetition, the focus of process control
became repeatability; that is to say, each execution of a process was expected
to produce precisely the same part. Quality was achieved through 100% inspection
for functionality. .

The American System Abroad

Robbins and Lawrence, a machine tool builder that had perfected the use of
the American system, seeing the commercial potential of their work, exhibited
their guns at the Crystal Palace Industrial Exposition in 1851, where the rifles
garnered an award and attracted such attention that Parliament was induced to
send a commission to the United States to study "“the American system” of
interchangeable manufacture and secure the machinery necessary to introduce it
at the Enfield Armory near London. The company received an immediate order for
20,000 Enfield rifles with interchangeable parts and one hundred and fifty-seven
metal working machines to equip the armory at Enfield.?® With this order,
Robbins and Lawrence became the first large-scale exporter of machine tools.

When Samuel Colt set up his own integrated factory near London, the American
system was placed on display and soon held in awe by all the major arsenals in
Europe. Pratt and Whitney, one of the major machine tool builders who supplied
the Colt factory, was soon receiving orders from almost every country in Europe
for machinery (see Figure 12)%!
with which to set up factories.

Giuseppe Beretta Lad seen the superiority of the new system of manufacture
in the Prussian arms factories, which had acquired from Pratt and Whitney the
entire manufacturing system, lock, stock and barrel. Not wanting to fall behind,
Giuseppe Beretta, in 1860, had Pratt and Whitney build a1 integrated factory
in Gardone. With this one stroke, he had the largest arms factory in all of
northerm Italy. The two hundred workers in the Beretta factory were soon
turning out eight thousand sporting guns and three thousand military rifles per
year.

In 1881, Beretta was awarded a medal for its innovations in the factory
system. It was the only firm that took in iron and wood through one door and
sent out finished arms through the other. The company sold not only in Italy,
but throughout the world, particularly in the regions of the East. Its precision
of manufacture was such that the company was able to offer a guarantee against
any and all breakdowns and defects for one ysar. Beretta introduced a number
of new products and watched its volume of manufacture grow.

3 Roe, J. W., English and American Tool Builders (New York: McGraw-Hill,
1926), 138.

31 Tllustrated Machine-Tools of 1885 (Manteno, Ill.: Lindsay Publications,
1981), 142. From Hutton, F. R., Report on Machine-Tools and Wood-Working
Machines (Washington: Government Printing Office, 1885).
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Figure 12: Milling machines for gun-making, circa 188S.

The one drawback in all of this progress had to do with the nature of work.
The activities at the workstation, as we saw earlier in the description of the
Colt factory, did not require much skill. There were now two kinds of workers:
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those who built, maintained, set up, and improved machines; and those who turned
out parts by the hundreds every day. Together, the separation of staff and line
work, the specialization of line work, and the elimination of skill at the work
station had the effect of creating a competitive market for labor, which tended
to depress wages. Gardone saw its first strike by workers, which interrupted
work for several days, in 1878. The subsequent organization of unions and es-
tablishment of a labor cooperative considerably improved the tenor of workers'
lives.

Work was now reduced to managing machines and output. Labor was a corporate
entity that executed procedures; engineers conceived of the tasks. The sepa-
ration of conception and execution of work was now complete. Mechanical work
could now be abstracted, studied in isolation from the plant, and then developed
in the plant and reproduced by other workers. Mechanical work was becoming a
science.

Although it was conceived as a system for the manufacture of interchangeable
parts, the American system's major contributjon to process control was the
notion of mechanization of work. Whereas the English system saw in work the
combination of skill in machinists and versatility in machines, the American
system introduced to mechanisms the modern scientific principles of
reductionism and reproducibility. It examined the processes involved in the
manufacture of a product, broke them up into sequences of simple operatioms,
and mechanized the simple operations by constraining the motions of a cutting
tool with jigs and fixtures. Verification of performance through the use of
simple gsuges insured reproducibility. Each operation could now be studied anc.
optimized.

In the context of the American system, it was necessary to attead not omly
to the construction of special purpose machines, but also to the interre-
lationships among them. In order to design and build a collection of special
purpose machines for manufacturing a component one had to conceive of an entire
system of manufacture. This entailed being an architect of a collection of
mechanisms, as well as bringing scientific principles to the study of mech-
anisms. Manufacturing was now 'front-end” loaded, that is to say, the most
significant aspects of cost and quality of components was established prior to
the production of the first unit. The importance of special purpose machinery
to such a system cannot be overstated.

Over the next hundred years, these simple mechanisms would be elaborated,
eventually becoming self-acting and capable of great precision and versatility.
As understanding of the principles of mechanization became diffused with the
increasing specialization of machines, variability of work returned once more
to labor.

The next major intellectual watershed would be crossed when the new science
of machinery was extended to human labor. Application of the principles of
machine movement to human work yielded a new "scientific management" of work,
whose impact on the organization of work at the Watertown Arsenal we will now
examine.
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THE TAYLOR SYSTEM

To Frederick Taylor falls the distinction of doing for work what a century
of refinement had done for machinery. Taylor recognized that the machinery
available at the end of the nineteenth century was capable of more than workers
were getting out of it. Worker-related activities, he realized, were limiting
the speed and efficiency that could be achieved by the machines. The idea that
these human activities could be measured, analyzed, and controlled by techniques
analogous to those that had been successfully applied to physical objects was
the central theme in what Taylor was to put forth as a theory of "scientific
management."

As conceived and practiced by Taylor, scientific management was concerned
with industrial work, particularly the work of machine shops in metalworking
establishments. Taylor was concerned almost exclusively with organization at
the shop level, from the superintendent and foreman down.

Although he shared with Church, Halsey, and Towne in the United States, and
Slater Lewis in Britain, an interest in incentive wage payments as a means of
increasing productivity, Taylor took a different approach. He viewed work as
an object and studied it as if it were a physical, mechanical entity. In the
Taylor scheme of things, job times were determined not by past experience but
with a stop watch. Standard times were to be set for each job, and a stardard
rate of output determined. This involved two elements: job analysis, and time
study.

Job analysis consisted in breaking each job down into small elements, and
distinguishing those elements that were essential for the performance of work
from those that were superfluous, or "waste.” The waste was to be eliminated.
Once the elements essential for the performance of work had been isolated, they
were classified functionally in order that different aspects of the job could
be carried out by functional specialists. For instance, a machinist assigned
the task of turning down a piece of metal to certain dimensions on a lathe might
find that his cutting tool needed sharpening. Taylor considered the skills as-
sociated with sharpening tools to be functionally different from the skills of
a machinist, and, consequently, separated them. Similarly, it was not part of
the machinist’'s job to determine correct speed or the correct angle of a cut.
Even more obviously, it was not part of his job to obtain materials or tools
from the storercom, or to move work in progress from place to place in the shop,
or to do anything but turn the piece of metal on his lathe. Job analysis, as
Taylor interpreted it, almost invariably implied a narrowing of the functions
included in the job, an extension of the d‘sision of labor, a trimming off of
all variant, non-repetitive tasks.

The second basic element in Taylor's system was time study. After a job had
been analyzed into its constituent operations, these were timed with a stop
watch. By adding the elementary times for each operation, a total time for the
whole job was calculated. Operations were classified into two types: machine
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time, and handling time. Machine times could be precise, as they depended on
physical characteristics of the metal being worked, the cutting instrument, and
the machine tool. Handling times, which referred to the time taken by an op-
erator to set up work on the machine and remove it after the work was completed,
varied widely among operators.

Nor were the machines themselves neglected by the Taylor system. Inasmuch
as the speed of operators was largely determined by the speed of the machines
as driven from a central location by belts, pulleys, and shafts (see Figure
13),%? Taylor considered the standardization and control of these systems at
their optimal level of efficiency essential. To this end he prescribed methods
for scientifically determining correct belt tensions and providing maintenance,
and established the activities of belt maintenance and adjustment as a separate
iob.

Taylor employed Henry Gantt and Carl Barth to assist with the specification
of optimum cutting speeds. "Taylor succeeded in determining empirically,"” ex-
plains Aitken,

by a prolonged series of experiments, the optimum relationship between all
the variables that influenced the rate at which metal could be cut on a
lathe: the depth of cut, feed, speed, and type of tool, the hardness of the
metal, the power applied to the machine, and so on. These results were
plotted on graph paper, giving a set of geometric curves from which the
proper speed of the lathe could be determined when the values of all other
variables were known. This method of sulving the roblem was, however, to
slow and inconvenient for ordinary shop use. Bervh . . . reduced the re-
lationships discovered by Taylor and Gantt to & mathematical ejuation and
transferrea the functional relationships involved to specially made slide
rules, which made it possible to determine the correct speed of a machine
tool quickly and with all the accuracy required .or practical use.??

Together with job analysis and time study, this systematization of machinery
introduced & level of rrecision previously unknown. With the application of
these concepts, work could truly be said to be standardized.

Taylorism at the Watertown Arsenal

The Watertown Arsenal, at the beginning of the twentieth century, employed
some two hundred and fifty people in its machine shops and another fifty in its
foundry. The general condition of the Arsenal at that time is described by
Aitken.

*2 1Illustrated Machine-Tools of 1885 (Manteno, Ill.: Lindsay Publicationms,

1981), 68. From Hutton, F. R., Report on Machine-Tools and Wood-Working
Machines (Washington: Government Printing Office, 1885).

3 Ibid., 33.
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Figure 13: Belt-driven lathe, circa 1885.

Forty percent of the machine tocls had been in service f->r fifteen years
or more, and many of them for over twenty years. All had been designed when
carbon tool steel was the only type of tool steel available, and the system
of belts and pulleys had been set up on that basis. Throughout the plant
there was a serious shortage of small parts, such as belts, straps, and
clamps. Handling facilities, such as cranes and trolleys, were inadequate.

(In the foundry) the only mechanical assistance available to the
molders were two cranes and a few pneumatic rammers. For the rest, the work
was entirely by hand.

. . There was a headquarters office staffed by clerks, whose principal
function was correspondence, and an engineering division, an innovation
introduced . . . in 1908, which was responsible for the making of cost es~
timates, the preparing of blueprints, and similar tasks. . . . In the
day-to-day operations of the arsenal the master mechanic and foreman were
largely left to their own devices to allocate jobs and get out the work.
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. . Apart from its organizational defects, the machine shop at
Watertown was technically far from up-to-date in 1909. Into this machine
shop there was introduced a major innovation, high-speed tool steel, prob-
ably the most revolutionary change in machine shop practice within the
memory of anyone living at the time.

High-speed steel was no minor change which could be introduced in one
section of the arsenal and then forgotten. The whole arsenal had to be
geared to the pace which it set. (Colonel) Wheeler took a lathe which, using
one of the old-style carbon steel tools, could be made to remove a maximum
of two hundred pounds of metal from a casting in an eight-hour working day.
He put a high-speed tool in the lathe and set it to work on the same job
under the same conditions, except that the speed, feed, and depth of cut
were altered to suit the new tool. The lathe removed precisely ten times
as much metal--two thousand pounds--in the same period of time. This was
probably an exceptional case, for the usual increase seems to have been 200
or 300 per cent.

It was possible for a machine shop to purchase a stock of high-speed
tools, use them in jits metal-cutting operations, and yet continue to turn
out work at much the same rate as before. . . . A shop which did this would
find the results disappointing; the only obvious change would be that the
tools would not need to be reground so frequently. To purchase high-speed
tools was one thing; to use them correctly, so that their full
potentialities could be realized, was another.

A machine shop which adopted high-speed steel and knew wha:c the new steel
could do was faced with the necessity of a complete reorganization. First,
few of the machine tools built to use the old steels couid be run at the
pace and with the power which the new steel demanded. Hence the necessity
for rebuilding and redesigning machine tools, systematizing belt mainte-
nance and repair, and increasing power capacity. Secondly--a considerably
more intractable problem--few of the machinists and foremen who had grown
up in the carbon steel era had any conception of what the new steels could
do. Hence the necessity for Barth's slide rules and the prescribing by
management of speeds and feeds which, to men of the older generation, were
literally fantastic. And third, since the use of high-speed steel meant very
large reductions in machining times, handling times (the time taken to set
up a job in the machine before machining and to remove it afterwards) came
to represent a higher proportion of total job times.3?*

Hence the necessity to examine the labor component of work, specifically the

uncertainty introduced by labor. System variance was due not so much to the
accuracy and precision of machine tools as to labor's ability to reproduce a
given procedure. Fcrtunately, Taylor paid as much attention to the procedures
of manufacture as to the processes.

Aitken, H. G. J., Taylorism at Watertown Arsenal (Cambridge: Harvard Uni-
versity Press, 1960), 86-87, 102-103.
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After consulting with Colonel Wheeler, the superintendent of the arsenal,
Carl Barth, a protege of Taylor, undertook a "complete reorganization of the
whole shop management along the lines of the Taylor System," an endeavor that
"fell into four parts or phases: (1) reorganization of the storeroom and
toolroom, (2) creatjon of a planning room and establishment of a routing system,
(3) respeeding and standardization of machine tools, and (4) installation of
an incentive wage system based on time study and task setting."’® Aitken elab-
orates.

The first point of attack was the storeroom . . . . A new system for ac-
counting for stores issued was instituted . . . to provide automatic checks
against excessive or duplicate issues of materials. Barth also recommended
the installation of the "double bin" system, whereby two separate but ad-
joining bins . . . were used for each article in store, one the receiving
and the other the issuing bin. When all of the articles in the issuing bin
had been distributed, it became the receiving bin and what had been the
receiving bin became the issuing bin. As the bins were successively emptied,
the tags showing all issues from them were sent to the property division,
where they were checked against the stock sheets. This simple but highly
effective system provided an automatic inventory of stores: the quantity
of an article on hand was verified each time the issuing bin for that ar-
ticle was emptied.

The tool room also was reorganized. . . . The toolmaking section was
separated from the tool-issue section and a foreman appointed to supervise
the manufacture and care of tools. . . . Orders (were) placed for the
standard Taylor tool forging and -grinding equipment. . . . A special al-
lotment (was made) . . . for the installation of tool-managing facilities.
.« . . (This) was supplemented . . . by a further allotment for the purchase
of high speed tools .

An important series of changes made during the same period was the es-
tablishment of standard procedures for the inspection and maintenance of
the belting which drove the machine tools. (Barth) recommended the purchase

. of a. . . belt bench, a set of . . . belt scales, and a .
wirelacing machine. . . . At the same time a special belt-maintenance gang
was formed, and its foreman . . . sent for instruction. . . . A great deal

of the old belting was replaced with new and in some cases heavier belting.
This made it possible to run machines at higher speeds and with greater
power, so that full advantage could be taken of the cutting powers of
high-speed steel, and also prepared the way for Barth's later standardi-
zation of cutting speeds and feeds. By the end of April 1910 the
belt-maintenance system was in full operation and belt failures during
working hours had been practically eliminated.

. . It waz decided that two . . . gun carriages should be the first
products to be put through the machine shop 'under the Taylor system.' This

'*  Ibid., 88, 91.
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meant . . . that their manufacture would be routed from the planning room,
since Barth had not yet begun his work on the machine shop and no time
studies had been made. The two six-inch carriages were to serve as pilot
projects, principally to give the planning room staff and the machinists
their first taste of centralized routing.

A considerable amount of preparatory work was necessary. Assembly charts
were drawn up, containing a detailed analysis of the operations required
to produce each component that went into a complete gun carriage. On the
basis of these charts the planning room decided upon the sequence of oper-
ations which each component was to follow, the dates at which each operation
should be started and completed, and the order in which each component
should be moved from workplace to workplace, up to final assembly. These
individual analyses were then brought together on a single route sheet,
which formed the master timetable for the whole project. . . . The route
sheet was then turned over to clerks, who prepared the individual job cards,
move tickets, and so on which would be required for the execution of the
work. These cards, together with the master route sheet, were then passed
to the route-sheet clerk, who filed them ready for use when required.

. By the middle of April 1910 practically all of the work in the
machine shop was being routed from the planning room.

While the planning room was getting into action, Barth took up the .
. rehabilitation of machine tools. This involved four principal phases: th
diagramming of the individual machine tools, che rebuilding and redesigning
of obsolete or unsuitable tools, the standardization of ancillary equip-
ment, and the prescribing of speeds and feeds. . . . An extensive series
of tests on different types of high speed-steel was conducted and, during
a slack period of work early in 1910, the opportunity was taken to reloca:.:
a number of the machine tools, to bring together in one sectinn of the shop
all equipment of the same type. Several of the larger machine tools were
provided with individual electric motors, while the smaller ones were ar-
ranged so that they could be driven in groups.

Diagrams were prepared for all machines in the machine shop, showing the
driving arrangement, feed gears, and so on. This process necessitated the
measuring of all the machines, their gears and pulleys, and the study of
the diagrams to insure uniformity and the proper relationships in their
speeds and feeds. A considerable amount of redesigning and rebuilding was
done, particularly of cone pulleys and gears, first on the lathes and then
on the drills, planers, shapers, slotters, and other machines.

At the same time arrangements were made to standardize all the ancillary
equipment used on the machine tools. The sockets for boring bars were
standardized so that all boring bars would fit all sockets, and the slots
in the faceplates of the lathes, planers, and other tools were cut to a
single size. All the tee bolts were made to fit this standard slot, to avoid
any delay in finding the right bolt for a particular job. To achieve uni-
formity in cutting tools, the workmen were forbidden to grind their own
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tools . . . . Instead, the toolmaking department was to forge and grind all
tools to the standard Taylor specifications and by the use of
Taylor-designed equipment. The tool posts on the lathes were altered and
strengthened so that they could be used with these tools.

From August 1910 until . . . June 1912, Barth spent four days each month
at Watertown. These monthly visits were entirely taken up by work on the
preparation of slide rules for the machine tools and in instructing the
planning room in their use.

(Dwight) Merrick was hired to carry out time studies, by means of a stop
watch, of the various jobs in the machine shop and to teach time-study work
to certain members of the planning room staff. These time studies had three
chief purposes: (1) to simplify work by the elimination of superfluous
motions, (2) to set a standard time in which each job ought to be done, and
(3) to provide the basis for a payments scheme which would furnish an in-
centive for the workmen to do the job in the standard time. Merrick's work
was essentially an extension of the improvement and standardization work
which Barth had begun. What Barth had done for the machines, Merrick was
now to do for the men.

. Merrick's task was considerably more complicated than anything
Barth had undertaken. Barth could examine a machine tool, change its gears
and its belting, and reset it to run at a higher speed in complete confi-
dence that the machine would do what he wanted it to. But Merrick hai to
take some account of the fact that the men would not worlk at the par - he
prescribed unless they wished to do so. He had to face the probler of mo-
tivation.

The answer which the Taylor system provided to this problem was an
incentive-payments scheme. If you wanted men to work at a certain pt.:e, you
promised them a financial reward if they did so; the problem was no more
complicated than that.

Taylor doctrine did not entirely overlook the possibility that the in-
troduction of time study in a plant might cause trouble. The stop watch
had not yet become a symbol of all that was detestable to organized labor
in the Taylor system . . . but it was already realized among the Taylor
disciples that the purposes of time study could easily be "misunderstood"

. . It was considered vital that no time studies be attempted until
all working conditions had been brought up to a high level of efficiency
and standardized at that level. There were two reasons for this. First,
if conditions were not standardized, then the job itself was not standard-
ized and could not be scientifically timed. It would serve no purpose to
set a time on a job today if tomorrow the machine might be running at a
different speed, or if the workman had to wait around at the window of the
storerocom until his material was ready, or if he had to leave his machine
idle while he ground his tools. And secondly, it was believed that there
would be less resistance to time study if the men being timed had grown
accustomed to seeing a whole series of changes being made in their working
conditions, all of which made their work easier.
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. Unlike other parts of the Taylor system which, as soon as they
were installed, affected the organization and operation of the entire shop,
time study was introduced gradually and almost imperceptibly.

. Merrick continued in regular employment at Watertown until June
1913, by which date several of the arsenal's employees had been trained to

take his place as time-study experts. By the end of June 1913 . . . the
Taylor system at the arsenal was on a self sustaining-basis. . . . It was
the arsenal's regular system, and all that remained was to extend and com-
plete it.?*

In 1900, Frederick Taylor and Maunsel White demonstrated their high-speed,
chromium-tungsten steel at the Paris Exposition.’’ Though it ran red hot, the
metal did not soften or dull. As the structure of the machines at that time could
not withstand the stresses induced by the forces of running so hot, heavier
machines, five times as powerful, were built to exploit this innovation. Taylor
and White took Europe by storm, and soon Taylor's notions of scientific man-
agement were well publicized. The ascendancy of the American System of Manu-
facture and its culmination in the Taylor System were now well known. By the
tura of the century, the leading engineering journals were full of the new
gospel and supporting their preachments with examples of successful innovation.

Beretta's Belated Adoption of Tavlorism

Taylorism arrived late at Beretta. With the death of Giuseppe o1 24 June
1903, Pietro Beretta became head of the firm, a positica he held v til his own
death in 1957. The latter Beretta greatly enlarged the factory, ecuipped it with
the most modern equipment, and brought out many innovative products. Under his
direction, the firm rose to interma-:.ional prominence in less than taree decades.

Beretta installed three hydroelectric plants on the Mella Rive,, the first
in 1908 and the last in 1939, which continue to contribute to the firm's energy
requirements to this day. With the availability, after about 1910, of machine
tools capable of using high-speed st2el, Beretta gradually began renovating the
equipment in his plant (see Figure 14).'*

Then, a sharp decline in demand for sporting rifles in the years preceding
World War I created a crisis among the manufacturers in the Trompia Valley. In
the lull before the storm, Beretta and his chief engineer, Tullio Marengoni,
threw themselves actively into the development of new designs. A patent entitled

3% Ibid., 95-101, 106-107, 110, 112, 119.

Landes, D. S., The Unbound Prometheus, (Cambridge, England: Cambridge Uni-
versity Press, 1969), 297.

3% Morin, M., and R. Held, Beretta: The world's oldest industrial dynasty

(Chiasso, Switzerland: Acquafresca Editrice, 1980), 230. From the last
pre-war Beretta catalogue.
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Figure 14: The Beretta factory, circa 1939-1940.

"Innovations for Automatic Pistols,” obtained by Beretta in 1915, was the con-

ceptual cradle for a family of weapons that would make the company renowned the
world over. Although with the war production of military arms shot up, there
was no physical expansion of the facility. Some modern machines were added, but
Taylorism did not take hold at Beretta until the late 1920s. From 1919 until
1922, life in Italy was torn and threatened by all manner of violence. Beretta
was one of the .ew factories in Brescia that was not taken over by rebellious
workers during this time.

Rationalization of production was the talk of Europe in the 1920s. Although
the teachings of Taylor and Fayol found a receptive ear in Pietro Beretta,
Taylorism was not adopted at the Beretta factory until 1928, when machinery
acquired from the firm Fabbrica d'Armi Lario (called FALC), in Camerlate, near
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Como, was transferred to Gardone, necessitating a reorganization of the plant
and layout. The size of the firm subsequently doubled, and with the increased
scale came the functional specialization of Tayorism.

The Ethiopian war of 1935 and Italian intervention in Spain the year after
brought a flood of large orders for Beretta's highly successful automatic pis-
tol, the Model 34. Taylorism and mass production of the Model 34 fit well to-
gether, and the new organizational form toock hold at Beretta.

It is difficult to say whether Beretta's rapid growth resulted from the im-
plementation of Taylorism, or from the requirements for mass production of the
Model 34, which led naturally to the introduction of Taylorism. Indeed, it may
be that there is no connection at all. But occur together they did, and the
result was a dramatic increase in labor productivity. Methods engineering was
introduced and, though the size of the work force only doubled, the size of the
staff group increased three-fold. Most of the impact of methods engineering was
in the reduction of rework, which dropped from 40% to 25%.'?

At Beretta, as elsewhere, the ethos of work was fundamentally altered by
Taylorism. In the Beretta factory separation of line and staff was complete;
the stop watch, the efficiency expert, and productivity measures were there to
stay. Though belatedly, Taylorism had met Beretta and now they were one.

Let us now examine the changes wrought by the Taylor system on the work
station and process contrel at the work stationm.

(1) The scope of work was restricted under the Taylor system. Material huniling,
tool sharpening, belt tightening, oiling machinery, work set-up, aud other
secondary activities were no longer done by the operator but by specially
trained people, each of whom performed only a single function. Such func-
tional specialization was not new. It extended to secondary operatic.is a
concept begun with the American system of manufacture.

(2) Worker discretion was eliminated. The larth slide rule specified exactly
how an operation was to be performed and tasks were set by an "efficiency
expert.' Work was broken down into small parts and standardized. There was
"one best way" to perform a task, which was specified by an outside ob-
server, and the worker's sole responsibility was to execute the procedure
that constituted that cne best way. System variance was reduced by elimi-
nating worker discretion and making the task reproducible. This was
Taylor's lasting contribution.

(3) Control of work was now in the hands of management, which could compare the
quantity of work performed against a predetermined standard and monitor
worker effort. Much has been written on the aspects of management control

3 It should be noted that 40% rework does not mean that 40% of the parts were

rejected. If only 10% of the parts were rejected, but it took four times
as long to repair them, we would have 40% of total work as rework.
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of work and the setting of standards. Senate testimony on Taylorism at the
Watertown Arsenal documents much of the resulting antagonism between man-
agement and labor.*®

With Taylorism, we had crossed another intellectual watershed--the study of
procedure of manufacture independently of the process of manufacture. How one
set up a tool on a machine was largely independent of the process, hence, tool
set-ups could be studied in their own right. The efficient layout of a plant
was now independent of what was made. Such separations gave rise to the field
of Industrial Engineering, which was quite distinct from its parent, Mechanical
Engineering.

** Hearings before the Special Committee of the House of Representatives to

Investigate the Tavlor and Other Systems of Shop Management (3 vols., 62nd
Congress, 2nd session, Washington, D.C., 1912).
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THE DYNAMIC WORLD -- STATISTICAL PROCESS CONTROL

In the 1950s, following the establishment of NATO, Beretta was licensed to
manufacture the semi-automatic Garand M-1 rifle. A decade earlier, the Garand
had transformed the manufacturing system at the Springfield Armory. It would
do the same at Beretta, but with a difference.

Most of the equipment at Springfield when it received the contract to manu-
facture Garands was of World War I vintage. Because the armory had lagged behind
in the adoption of the new technology, which emphasized the integration of
multiple operations in a single machine, a massive program of equipment reno-
vation and plant modernization had to be undertaken. (See Figure 15 for photos
of the machinery used to manufacture the Garand at Springfield,® and Figure 16
for an ﬁllustration of the machining operations required on a particular
piece.)

Beretta's contract, coming & decade later, after the Second World War, had
an impact that went beyond the renovation of equipment. The M-l required tol-
erances greater by an order of magnitude than any the company had previously
experienced, and the specified degree of interchangeability of components was
100%. Machines for producing the Garand had to possess both accuracy and pre-
cision. Beretta chose to build its own machines on principles established by
Garand. As Beretta was not a machine tool builder, this experience exerted a
profound influence on both the company's manufacturing system and its organ-
ization of production.

Monitoring Variation and Its Sources

Because the machines that Beretta built did not have tke process capability
of, for instance, the Kingsbury multi-station machines for drilling and reaming,
the machining process had to be constantly monitored for any deviation from the
prescribed process settings. Machines with a tendency to "wander" demanded a
new technique to enhance process capability. Thus it was that statistical
process control, invented in the United States in the 1930s, was adopted by
Beretta before it was ever used at the Springfield Armory.

Though it seemed, at the time of its introduction, an innocuous enough
change, statistical process control (SPC) radically altered the organization
of work at Beretta. Meant to ensure process stability, SPC required only that
process behavior for a sample of parts be recorded on charts at specified in-
tervals of time. Yet we shall see how, over a period of only five years, it

1 Modern Small Arms (Cleveland, Ohio: Penton Publishing Co., 1942), 8, 11.

!  Gun Manufacture (New York: McGraw-Hill, 1942), 121.
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Figure 16: Sequence of machining operations for the Garand safety.

changed the ethos of manufacturing management at Beretta and with it the or-
ganization of work.

Before the Garand, rifle parts were, almost without exception, made by means
of a tedious succession of single machine cuts supplemented by hand operations.
Tolerance requirements for a variety of operations on the M-1l, as can be seen
in the operations sheet (Figure 17), are .001 inches.®

Finish reaming and rifling operations, for example, require that particular
attention be paid to tool sharpening. The reamer is ground dry on a standard
tool and cutter grinder with a grit wheel that remwoves .)Ol inch of material
at the rate of .0002 inches per pass. Bore and grooves must be absolutely
smooth, to a tolerance of .00l inch. The dimensions of both are inspected at
every inch along the length of the barrel by means of star gauges, gauges with
expanding fingers that transfer their readings to a vernier caliper at the end
of a long rod. A spring attached to the star gauge ensures .uniform pressure when
expanding the measuring points, thus eliminating variations due to the
inspector’'s touch. Fixtures devised to facilitate production included the use
of multiple set-ups, quick clamping arrangements, and special indexing devices.

Beretta, when it commenced manufacture of the Garand, had the advantage of
hindsight--a decade of experience at Springfield. In electing to build its own
fixturing, gauging, and tool systems, the company was effectively blazing a new
trail in high precision magufacture. Although the machines Beretta built could
hold the required tolerances, they had to be constantly monitored to prevent
excursions from the process limits. This is where statistical process control
came in.

Gun Manufacture (New York: McGraw-Hill, 1942), 117.
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OPERATION SHEET—Rifle Barrel. 1Y-in. dia. steel. SAE 4150
I T

Grind spoats for Brinell Impreasion.

Make cad recerd Brinell lmpressios (269 te 311).

Cut o werking length 24200 — 0.010 ta. and csnter euds.

Stamp stock mark em end of stock opposite Brisell mazk:
end witk stock mark te bo mumle end.

Spin on rolls ond straighien stock o meax. runeutl 1/32 In.
Y4 in. from eud of barrel. oppenlte stock mazked sud.
qgriad rest spet.

® ln. from end of barrel (opposite end to center rest spet)
grind two roll rest spots.

Turn mussie eud 0.895 — 0.020 in. tapered to 1.00 — 0.020
in. at end e cut shouldsr of which is 63 — b ln. from
breech end: chamier muixle.

Turn end opposits to siock mark © 1.355 — 0.01 in.: from
% in. A te 0.878 — 0.010 dia.: turn 0.075 — 00X dia.
straight to 10.237 in. — 0.020 in. from hreech end: chamier
breech end.

Spla on centers and sticighten 10 max. runout of /84 In.

L 100 (M flux) (after rough turn eperation for
lmperiections in stock coastruction).

Recwm bore to 0.205 <+ 0.00) la. (Stcrt reamer at breech).

C'sink both ends simulianecusly 0250 — 0.0075 over 0.378
in., bell I1n mussle end. ¢'sick to ead of barrel gud 0.250
— 0.0078 over 0.78 in. beall in breech end. ¢'sink to end
of barrel.

Spot grind. res! spot for back roll rest 9 3/18 in. from
mussle ead.

Tum taper fram 0.875).0.005 in, muzzle end to 0.050.0.01 in,
located Ble — 1/18 in. irom breech end (To remove sur.
plus stock only).

Wash.

Lige straighten bere.

Spot grind rest spel

Twn maior thread dia. rougb (breech end! 0.995 — 0.008
in. square gage tenon shoulder and 0.975 — 0.00) Ia,
dig. gt 1.130 — 0.008 in. dia. shoulder: turn muzzle end
0.828 — 0.008 in dia.

Line straighten.

Spot grind mussle end. rear of gas cyl. bearing 0.599 — 0.008
in. dia.

Turn iaper sections from 0.637 — 0.003 lia. dia. located
17.400 ln. from breech end thread shoulder to 0.700 —
0.016 in. dia. at lower band bearing. and 0.770 — 0.008
in. at lower band boaring location up to and iamcluding
= V4 in. rodius.

Line straighten.

Tura mussle end 0540 — 0.005 . and 0.581) — 0.0054 In.
maior thread die: ferm groeve,

Burr bore ea mussle and breech sud of barrel o pormit iree
estunce lec ceaters

Figure 17:

Chamier 30° engle ea both sides of 3/18-32 P. hi and
form 45° wngle em eund of qus cyl. bearing.
Piaish foce gas cylinder lock seat and sheulder of thread.

. Grind breech osd te 1.118 — 0.001 ln. dia. (reughl

M1l thread on breech end and tenom dia.. topping ncb te
produce ne larger tham 0.872 in. major dia. of thread.
0917 — 0.002 in. tenon dig. aud 0.913 —0.008 in. dia.

Form aill top (rough eud Lnish) two at a time,
Wanh,

Stamp sieck mark and plecemark em stock.

Lize straighten.

Grind lower band bearing 0.728 — 0.002 in. dia.
Mill rear hand guard gqrooves (A & Ll

Ring straighten.

Spot gqrind 0.929 — 0.00S in. dia.

Grind murtle end (Haish) 0.514 — 0.002 in. dix
Finish grind breech end 1.100 — 0.001 in. dia.
Grind 1 4+ Y% in. radius.

Grind gas cylinde: bearing 0.580 —0.001 in. dia.

MUl three culs for ges cylinder splines. symmetrical emd
concentric.

RNeam chamber (rough) aand c'sink breech end 43° to remove
surpius stock oa breech end of barrel.

Wash.

Rough ond {inish ramp lacluding 0.01 R + 0.0] in.

Ream bere 0.298 + 0.00] la. dia. (Cut ream oper) Stort
reamer at hresch end.

Waab.

Ring straighten.

Ream bore (Haish) 0.300 +-0.001 in.

Wash,

Rille bore (book cut).

Ream chamber (finlsh) (Cut recmsrs only used).

Wash,

Broach lower band pla retaining slot

Form 0.035 + 0.005 R at intersection of ramp and chamber.

Form 0.020 R < 0.008 in. ot mouth of remp.

Mill bullet nose clearance cula.

Cut threod muszle end.

C'sink. face and chamfer muzsle ead of barrel to finished
leaqth 23310 — 001 In.

Hons chamber.
Wash.

Mark mamulacturer’s laltiala, mealk of yeor and year ol
manuiecture.

Operations sheet for Garand rifle (Springfield Arsenal).

The principles of statistical process control assume that machines are in-
trinsically imprecise, that is, that an identical procedure will produce dif-

ferent results on the same machine at different times.

The degree to which the

results vary will depend on the capability of the machine to maintain precision.

The variation will always be more or less,

but never zero.
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The sources of variation are of two kinds, random and systematic. Systematic
sources of variation produce errors that have an assignable cause and introduce
a particular bias. Tool wear, for example, leads to less metal reduction in
subsequent pieces as the amount of tool feed gets smaller. Random sources of
variation produce errors that, due to a multiplicity of causes, can be neither
observed nor controlled.

If we can observe a process and identify when a systematic error occurs, we
can assign a cause and make the necessary correction. This observation can be
accomplished by using a control chart (Figure 18).* The control chart is based
on tne premise that all random processes have a particular pattern. The fre-
quency distribution of a given dimension, for instance, might be expected to
follow, in statistical parlance, a normal distribution in which 99.5% of all
measurements will fall between two limiting values, called confidence limits,
that lie three standard deviations above and below the average value of the
distribution. When the dimension falls outside the defined limits (i.e., an
"out-of-control” situation is encountered), there is a high probability that
the excursion is due to 8 systematic error for which we can try to find an as-
signable cause. Having identified the cause, we can then take corrective action
and bring the process back under control.

The control chart is an attention focusing mechanism. It selectively pre-
sents, to an operator who has a number of different things to attend to, only
those situations that are critical and require immediate attention. Introduced
by an engineer on the frame line at Beretta, it reduced rejects dramatically,
from 15% to 3%.

It might be helpful, at this point, to clarify the concepts of process ca-
pability and process stability. The precision a machine is capable of is, as
noted above, defined by the standard deviations of the random variation in its
performance. It is a property of the machine. The tolerance required by
workpiece might be more or less than a machine is capable of achieving. Proucess
capability is the relationship between the precision of the machine and the
tolerance required by a workpiece. A common measure of process capability is
defined by the ratio: tolerance/6 * the standard deviation. Process stability
refers to the frequency with which a process goes ocut-of-control. It is a
measure of machine reliability, and is unrelated to process capability. A ma-
chine might be very capable but unreliable, or vice versa.

At Beretta, machine reliability was being monitored and measured by the mean
time between systematic errors. (See Figure 19.) As systematic errors have
assignable causes, and as the control chart focuses attention on every possible
assignable cause, one is led naturally to manage contingencies in the process.

Source: Pietro Beretta, Gardone, Italy.
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To reduce the mean time between systematic errors one needed to find ways by
which the sources of the errors could be eliminated. The application of SPC
provided one way by which errors could, over time, be observed, better under-
stood, and eventually solved. Manufacturing's evolution from an art to a sci-
ence now included a systematic way of learming by doing.

The success of the method on the frame line led to its use in other areas;
over & five year period, process control charts were introduced at more than
eighty stations. All critical operations employed a process control chart and
an operator responsible for monitoring the process.

Let us consider the work station for a moment. With statistical process
control, day-to-day management attention was redirected from the quality of a
product to the performance of a process. Concern was no longer with mean per-
formance, but with the "outliers,” the out-of-control situations; not with
worker effort, but with machine variance. Inasmuch as semiautomatic machines
controlled the pace of operations anyway, the shift in focus from worker effort
to machine variance would seem rational. Yet Beretta was unique among small arms
manufacturers in making this shift in operations. We will shortly see why.

Semiautomatic machines automated tool movement, thus reducing labor in man-
ufacture. They also separasted the work of operator and machine, enabling each
to perform different functions indepanden:ly of one another. This provided on-
erator slack, which could be used either to monitor the machine or to operate
more than one machine. The inclination to increase labor productivity would
suggest that an operator be assigned two machines; while one mach.ne is busy
cutting metal, the operator ‘could be setting up the second. This was the
strategy adopted at Springfield for Garand production.

Such & strategy is reasonable as long as machines are extremely reliable
(i.e., the mean time between defects is large). When this is not the case, w en
we have machines subject to periodic excursions from the process parameters,
we not only experience greater rates of rejects and downtime, but contingencies
on one machine affect the production output of others. During the early years
of Garand production at Beretta, operator slack time was occupied by statistical
process control tasks for all critical operations.

If the volume of output is controlled by the speed of the machine and the
only controllable element at a work station is the minimization of problems with
the machine, operator attention quite naturally should be on the stability of
the process. That processes change over time is implicit in such an ethos of
work. The essence of a process is its dynamic characteristics. This is in stark
contrast to the earlier Taylor view, which cast all problems in essentially
static terms. In the Taylor world, there was "one best way" to do something
and, having specified it, work was defined by performing it in that way forever
more. In the dynamic view, work is defined in terms of identifying problems and
diagnosing and solving for them. Supervision of work in a dynamic environment
consists not in monitoring effort but in facilitating change.
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Figure 19: Mean time between systematic errors.

The Quality Control Function

What began as means for controlling rejects on Beretta's frame line became,
over a period of five years, a new system of manufacture. Quality Engineering
replaced Industrial Engineering as the dominant ethos. Now, for each phase of
the production process, the Quality Control Service established:

o points in the production process requiring intervention;
o instruments to be used;

o norms to be followed in identifying and correcting deviatiocns;

o procedures for determining the costs of quality control, scrap, and re-
work; and

o responsibility and authority of the individual to whom the ccntrols were
entrusted.
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Quality Control was responsible for quantitatively measuring the natural
variability of every machine and the degree of fidelity of every tool, verifying
tool conformity to design, and identifying possible causes of systematic error.
Through a statistical analysis of the collected measurements (Gauss distrib-
ution and confidence limits) the natural tolerance of a machine could be cal-
culated and registered and a control method designed for accepted processes.

The quality control system that was established included: frequency of
measurement of particular dimensions during manufacture; estimation procedures
of process performance, together with methods of diagnosis, if warranted; and
procedures for correction of the process by operators, as well as conditions
under which machines should be stopped and examined by Quality Control. A
quality control supervisor was responsible for eight to ten machines and for
day-to-day control of the process in the plant. There were three other staff
groups in Quality Control:

o Testing, which was responsible for certifying product quality and ensuring
conformance to product specifications;

© Metrology, which was responsible for the control of tools, the calibration
of measuring instruments, and preparation of control instruments; and

o External Supply Control, which was responsible for the control of raw
materials and partially completed products supplied by outside vendors,
as well as for selection of outside vendors.

As might be expected, scrap and rejects were dramatically reduced--from 2.%
to 8%. Labor productivity improvements were not that significant, 25% over five
years, and capital intensity was unchanged. In light of this, one might ques-
tion our characterization of this change as a revolution.

From a Static World to a Dynamic One

The intellectual history of process control had seen a shift from a static
world view to a dynamic one, in which continual change and improvement were the
raison d'etre of management. If constant improvement was the focus of manage-
ment attention, why didn't such improvement translate into productivity or
quality improvements? The answer lies in the performance specifications of the
products themselves, and the introduction of new products with ever greater
tolerance requirements. Consider the Garand. Beretta was able to improve upon
this rifle with a new calibre barrel, a new type of magazine and feeding system,
and a new sear, called the BM-59, that allowed fully automatic fire upon se-
lection. This arm was adopted by the Italian Army in three different versions.

Though labor productivity was little changed at Beretta, several character-
istics of manufacture changed in fundamental ways. The composition of the work
force changed, with quality control becoming an integral part of manufacture
and commanding a larger staff. The staff line ratio went from 60:240 to 100:200.
The organization of work changed, with production of each major componert or-
ganized as a synchronous transfer line. The barrel line, for example, became s
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synchronous shop with twenty-four people, nine of them quality control person-
nel.

A synchronous line is one in which all of the operations required to manu-
facture a component are rationally laid out, with sequential operations located
next to one another on the shop floor. Buffer inventories between operations
are kept very small (equal to one hour or less of work). Throughput time, that
i3, the *ime between the start of the first operation on a workpiece and the
completion of the last, is greatly reduced by synchronous lines. Because
throughput time is short, problems can be caught quickly and corrected befcre
a lot of pieces requiring rework are created. One obvious benefit is that the
quality of components is improved. Another, more subtle benefit is that diag-
nosis and problem solving is now carried out by examining the work station not
in isolation but as part of the entire system.

Consider a problem at operation 5 in a process whose assignable cause is at
operation 3. In a conventional shop with a lot of buffer inventory, the prior
stations might be working on different batches of products and may have had a
new set-up, while the batch of products having the problems might have besen made
on a different shift. Looking for assignable causes in such an situation would
likely be fruitless, as the circumstances under which the problem arose would
have changed. In a synchronous line with low buffer inventories, one can examine
the entire system for the causes of problems. While this increases the scope
of the problem solving domain, it also involves more than one operatur (i.e.,
a team) in ihe problem solving effort. A shift in the organization of work has
occurred. Now when the search for assignable causes and sc.utions for 1 problem
calls for a team effort, a team can be brought to bear.

Together, synchronous lines and stitistical process control drive an organ-
ization towards an ethos of process improvement that inciudes a view of an in-
tegrated process. Latter day advances in similar concepts, such as Ju t-in-time
production in Japan, have amply demonstrated the success and radical transfor-
mation of work wrought by such systems.

Let us now contrast with those effected by earlier innovations the principal
changes in the nature and organization of work brought about by the introduction
of statistical process control.

(1) As we noted earlier in the discussion of Taylorism, the management of work
vas the management of effort. With statistical process control it shifted
to management of attention. It was the "outliers" in a process that were
now of interest to management; only by attending to these could one hope
to improve productivity or quality. Attention, a cognitive ability,
stressed information processing and diagnostic skills. Learning about
outliers could only take place when problems were recognized, described,
and solved, and this, of necessity, could only take place at the work sta-
tion with the help of the operator. Discretion and control of work, which
wvere earlier removed from the operator, were restored.

(2) Under Taylorism, besides the obvious management task of making sure proce-
dures were executed as planned, the principal management task was coordi-
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nation. With functional specialization of labor, one had to be a concert
master to ensure that the firm, as a whole, functioned efficiently. The
planning center, which served this coordination functicn, was the nerve
center of productive activity. With SPC, the Quality Control department took
over the principal functions of manufacturing management. Concern for
schedules and production output was subordinated to concern for quality and
process improvement.

The synchronous line forced an integrated view of the entire system of
manufacture. Whereas the intellectual underpinnings of Taylorism were
reductionism and specialization, that of SPC in a synchronous line was in-
tegration.

Information management of process parameters was institutionzlized. With
the introduction of SPC there was, for the first time, explicit recognition
and separation of the information about operating process parameters and
the physical processing of material. The separation of information about a
procedure from the procedure itself was the intellectual watershed crossed
by statistical process control. Now it was possible to observe and study
the efficacy of procedures.

It would not be very long before one could completely separate information

processing from material processing. This would come in the form of the next
technological breakthrough, numerically controlled machines.
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THE NUMERICAL CONTROL ERA

Beretta acquired its first numerically controlled (NC) machines in 1976.
These machines functioned automatically, performing operations and changing
tools according to numerically coded imnstructions. Although this technology
had begun to spread through Italy at the beginning of the decade, its presence
was isolated. Its primary users were companies that manufactured small quanti-
ties of products of high value. With the introduction of microprocessors, con-
trollers went down in cost and up in reliabjlity, making NC technology viable
for large scale use. Beretta introduced these systems into the high volume
production (200 to 400 pieces per day) of small- to medium-size products.

Beretta regarded the automation of tool changing, which meant that what had
formerly been accomplished with a transfer line could now be accomplished with
a single machine, as the single most significant benefit of NC technology. The
NC machines (see Figure 20),? which combined the versatility of general-purpose
machines and the productivity of special-purpose machines, also overcame limi-
tations imposed on particular components by the specialization of transfer
lines. But they were expensive. At the time, the best Beretta was able to obtain
was a four-vear payback, and some had an eight-year payback.

"As you can see,”" said company president Ugo Beretta., "it was not what you
would call a brilliant investment. But we had to do it sometime. We could have
waited, but we could not turn back the clock. It was a very new technology, with
electronics and computers, and we had to understand it. Instead of waiting, we
decided we would go ahead and buy a machine tool company and learn the new
technology. So we bought MIVAL, a small machine tool company with expertise in
this field."?

Numerical Control had evolved out of a program funded by the United States
Air Force in the late 1940s. Although the first commercial products were offered
a decade later, there was no significant penetration of NC systems until con-
trollers became more economical and reliable in the 1970s. A shift in the es-
sence of NC control--from coded tapes and hard-wired decision circuits to
executive software and microprocessors--simplified the operation and program-
ming of NC systems and made machine tool control faster and more flexible.

The work cycle of NC machines--the set of motions that determines the se-
lection of tools, their proper positioning in three dimensions relative to a
workpiece, the feeding of workpieces, the flow of coolant, etc.--is recorded
as a series of codes on punch tapes, magnetic tapes, or in semiconducto: memo-
ries. Played back, these instructions put an NC machine through its paces, be

1 Source: Advertising brochure, Pietro Beretta, Gardone, Italy.

Personal communication.
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Figure 20: lNTVAL horizontal machining center.

they drilling, grinding, cutting, punching, milling, or some combination of
these.

The motions & machine tool must go through to produce a part are described
in detail, mathematically, in accordance with the blueprint specifications of
the part. This reduces the entire process of producing a part, including the
skill of the machinist, to a formal, abstract expression, which, when coded and
translated by a microprocessor, activates a machine's controls. Every movement,
however slight, has to be formally, explicitly, and precisely articulated. With
such programmable automation, a switch in products no longer entails physical
set-up changes to retool or readjust the configuration of the machines, only a
switch in programs. Thus, NC technology combines the versatility of general
purpose machines with the precision and control of special purpecse. cr
self-acting, machines.

"In the past," observed The American Machinist in 1972,
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humans were both translators and transmitters of information: the operator
was the ultimate interface between design intent, as incorporated in a
drawing or instruction, and machine function. The human used mental and
physical abilities to control machines. Today, computers are increasingly
becoming the translators and tiansmitters of information, and numerical
control is perhaps most representative of the kind of control that plugs
into the greater stream with & minimum of human intervention. Historically,
numerical control certainly has been the most significant development of
the electronic revolution as it affects manufacturing.®

Advanced control techniques variously allow NC machines to record utiliza-
tion and cutting tool life, reduce set-up efforts and time, compensate for er-
rors, inspect surfaces and make automatic adjustments, allow operators to modify
their programming on the shop floor, record events of the last minute or two
prior to a failure, and perform self-disgnosis. Coupled with greater sophisti-
cation in machine tool design, numerical control made possible the development
of stand-alone machining and turning centers capable of shift-long, untended
operation.

NC technology, after two decades of failure, came into its own with the ad-
vent of microprocessors. Microprocessor technology made controllers at once
extremely powerful and relatively inexpensive, and its greater computer power
made possible sophisticated yet flexible and "user friendly" operator inter-
faces.

The earlier problems of NC technology were partially due to the programmers’
limited formal knowledge of the machining process. A lot of the tacit knowledge
possessed by operators was not accessible to them. This limited understanding
of variations in machinability, tool wear, and part material properties, to-
gether with inadequate control strategies for coping with these shortcomings,
significantly constraimed early implementations of NC technology. But it was
only a matter of time before more of the tacit knowledge implicit ir. operator
skills became precise, explicit procedures capable of dealing with a variety
of contingencies.

NC Technologv at Beretta -- From Synchronous to Cellular

What happened to the organization of work in the Beretta plant after the
installation of NC machines is interesting. In the transfer-line, the average
cycle time for & product was two minutes. Half of this was attributable to the
machine, the other half to the operator. With the automation of tool changing,
a variety of operations could be done by a single machine, but the overall cycle
time increased. The cycle time required to perform the operations of three
machines would be 3.6 minutes, three of which would be machine time. Thus, the
NC machine replaced three machines, but took almost twice as long to produce a
single part.

: Noble, D. F., Forces of Production (New York: Alfred A. Knopf, 1982),
221(n.).




-102-

0.6 min. 0.3 min. 1.0 min.
Machine 1 XXAXXXAXXXXXNXNXKXXXX
0.6 min. 0.3 min. 1.0 min.
Machine 2 XXXXKXXX XAKXXKXXKXKXXXX
Part Tool Tool Movement
Setting Setting
(Manual) (Manual) (Automatic)

Figure 21: Time cycle for two operations = 1.90 min. or an average
of 0.95 min./operation.

One can see that an operator of this NC machine would be idle 85% of the time.
By allocating two machines to a person, operator idle time cculd be reduced to
66%. (See Figure 21.) The greater the machine component of the cycle time, the
larger the cluster of machines around the operator. This leads to a cellular
rather than synchronous plant layout.

In a synchronous line with one-minute cycle times, an operator performed a
fixed, unchangeable routine. The nature of the work was determined by "hard
automation," the jigs, fixtures, and cams that governed the performance of the
operation. With hard automation, considerable effort was expended to get the
jigs and fixtures right the first time. "Quality" was front-end loaded in the

the machines and tools.

The scope of activity at any given work station was very smal., and the pace
of work was established by the machine. The principal intellectual activity on
the line consisted in monitoring machine performance and diagnosing problems
when they occurred. Because a problem at any one station on a synchronous line
could stop all subseguent operations, thus exacting a high cost in productivity,
a large and centralized set of resources was allocated to problem solving. At
Beretta, this allocation was seen in the growth of the Quality Control deparz-
ment.

A cellular plant layout significantly increases the scope of activities for
which an operator is responsible. The twelve operator stations in the barrel
line layout shown in Figure 22 are responsible for one hundred and sixty-eight
operations.' On average, each operator is responsible for fourteen operations.
This compares with an average of three operations per person on a typical in-
dexing machine in a transfer line used to manufacture, for example, the Garand
rifle. Thus we have a five-fold increase in the scope of activities.

Source: Pietro Beretta, Gardone, Italy.
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Figure 22: Beretta barrel-line layout.
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We find, too, that the nature of the work changes. An NC operator works not
with physical objects, but with information. The object of attention and medium
of work is a computer program. Whereas the operator on a synchronous line was
interested in observing the behavior of a process, the operator in a manufac-
turing cell composed of NC machines is interested in observing the behavior of

a procedure.

Softening "Hard" Automation

NC machines are characterized as "soft," or programmable, automation. Oper-
ators write programs that precisely specify, down to the most minute detail, a
sequence of operations that involve a choice of tools, the length and direction
of tocl movement, and the speeds and feeds of machine controllers. These se-
quences are contingent on some measured condition, such as tool wear and com-
pensation.

Soft automation possesses five distinguishing characteristics.

(1) Specificity of procedures =-- The degree of detail with which a procedure
must be specified is at least one order of magnitude greater than with hard
automation. The number of lines of program code required to machine the
barrel shown in Figure 23 is 6,300.% For every possible contingen: condi-
tion, such as the different variations in the dinensions of a casting, we
need a response in the form of a clearly defined procedure. Because the
computer is static and functionally blind, capable only of moving a tool
in three dimensional space and changing its course at prescribed pecints,
the procedures must be written as if to guide a blind person restricted to
a small set of activities in & finite space. The specificity of the proce-
dure, together with removal of the person from the immed:ate environment
of work, renders the activity more abstract and scientific.

(2) Adaptibility to change -- Programs can be changed as easily as erasing a
sentence and typing a new one in a manuscript. Such a change in a computer
program results in a new procedure. Hence, quality is no longer front-end
loaded, but subject to constant change and improvement that can be observed,
monitored, and modified at the work station. Because change does not entail
the design and construction of new hard automation we see more frequent and
incremental changes in procedures, which do not require centrally allocated
resources, being introduced at the work station. Thus work at a station
no longer involves just monitoring performance, but improving it as well.

(3) Versatility of operations -=- Operations at a station are only restricted
by the configuration of the part being machined, i.e., whether it is
prismatic or rotational. NC machines can perform operations on either one
of these two classes of products, but not on both. Within each class, the
machines can perform almost any operation, restricted only by the avail-
ability of tools in the tool magazine and the tolerances they are capable

Pietro Beretta blueprint, Pietrc Beretta, Gardone, Italy.
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of maintaining. This avoids the large fixed cost associated with
special-purpose machines by enahling a variety of new products to be ma-
chined at a single work station. Thus the scope of activities at an NC work
station is expanded to include the introduction of new parts and processes.
Precision, adaptability to change, and versatility of the machines have
rendered the nature of work at a work station more scientific and abstract,
more comprehensive, and subject to continual change.

(4) Reproducibility -- Once a program is written, the machine controller is
capable of executing the program flawlessly forevermore. This suggests that
the better able a program is to deal with contingencies in operation, the
less need the machine will have for a skilled operator. An operator writing
a procedure is, in effect, "cloning" him or herself. If the cloning is
perfect, the operator is left with no job at all, or at best a very unin-
teresting job. This phenomenon creates a managerial imperative to con-
stantly introduce new products and processes in order to keep skilled people
in the organization occupied, or suffer possible disintegration into an
organization without the skills to innovate.

(5) Transportability =-- A reproducible program's use is not restricted to the
machine on which it was developed. It can be used on any identically con-
figured machine, and it can be copied at no cost. Thus, once a program is
written, parts can be subcontracted to any small job shop with equivalent
equipment without a great deal of concern for quality. Quality is assured
by the raw materials and the programs that govern the parts' fabricationm.

Reproducibility and transportability permit the scale oi a manufacturing
enterprise to be small, and assure the growth of the enterprise without the
addition of skilled people. The five characteristics of information intensive
processing--precision, adaptability, versatility, reproducibility, and
transportability--suggest a complete restructuring of the organization of work
and the nature of the firm. :

Do we find such changes in practice? The substantial impact of the NC ma-
chines on quality, and the concomitant enhancement of the quality control or-
ganization, were benefits that Beretta had not fully anticipated. Management
of quality with transfer line technology, with engineering and manufacturing
separated, had consisted in monitoring and control. With NC technology, man-
agement of technology grew to encompass methods engineering and moved manufac-
turing a giant step closer to a science.

With its base of experience in automation, Beretta decided, when computer
numerically controlled (CNC) machines became available, to completely convert
its machine tool base to this newer technology within six years. Abetted by cost
reductions . hat accompanied the spread of this new technology, Beretta had, by
1984, installed more than two hundred CNC machines on which more than 90% of
its metal work was being done. Total value added cost in manufacturing, due to
better quality products and substantially less overhead, was reduced from
sixty-six cents on the dollar to sixteen cents on the dollar.
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NC and QC -- The Impact of Numerical Control on the Quality Organization.

To understand the impact of NC machines on the organization of work one need
only look at the changes in the quality organization. The object of attention,
as noted above, is no longer how a process behaves, but rather how a procedure
behaves. Increased microprocessor control of activities and on-line analysis
of tool wear and tool compensation were providing automatic feedback, enabling
cybernetic control of machining. With control of the process automated to such
an extent, the nature of quality management was bound to shift.

Figure 24 shows an electronic gauge used for some turning operations at
Beretta.® An operator introduces machined parts into the gauge, which measures
four different dimensions. The measurements are automatically fed into the
FANUC controller, which integrates them with data on parts previously produced.
The NC machine has some built-in variability, and the sensor has measurement
error. We would expect that parts would not be identical, but would range ran-
domly within certain bounds of precision. We need a procedure that, taking ac-
count of this random variability and the historical data, can detect a
systematic change (jaws misaligned) or a trend (tool wear). Having detected a
change, we need to make an adjustment to the cutting program. The machine then
automatically adjusts the appropriate tool movement.

In order to have the machine make the adjustment automatically, it is azc-
essary to understand all the steps in the cutting operation. The step at which
the adjustment is made must be appropriate as a point of intervention to ac-
commodate a change, and the kind of change must »c appropriate tc the proced re.
Statistical sampling, techniques of inference, and methods engineering ar¢ all
integrated within one procedure.

We can see, in the example above, that methods engineering and quality con-
trol are one and the same. The Industrial Engineering of the Taylor era an. the
Quality Engineering of the SPC era have now been subsumed in A new discipl.ne,
Systems Engineering. In 1979, Beretta formalized Systems Engineering as the
Quality Control Programming Section and charged the head of the section with
responsibility for all of its manufacturing procedures. Data analysis, exper-
imentation with new procedures, and evaluation of new technology, as well as
documentation of all that went on in manufacturing, fell under the purview of
tiiis section, which grew quickly to twenty-two people, becoming the largest
group in the quality control organization.

The principal responsibilitijes of the Quality Control Programming Section
are outlined below.

(a) The group was charged with analyzing the individual phases of a production
process (machines, operators, work methods, and working conditions) to en-
sure their conceptual fit in order to guarantee quality, and to determine

¢ Pietro Beretta blueprint, Pietro Beretta, Gardone, Italy.



~-108-

] 1

1901 O
e
14 PeOKIR 8 Ounwmt

vALIEIS OULIM

BT ANTTLH

Treqney - 9w Ctave

..... ) N
. l..ot\w “ or.. ml._.L_Q o -l -to.-:-ce_u yaun - /.
. o sy anin)ipe meves 6nd SequtsiI G 0 T> e fors ,/,.
- 1 3
Aaapmv 22 onIuequmes _ //,
tsuo _ N\,
e ] N
TP vomw peradue> 7T ewne) =
B eiqiyed e _cﬁ_rmﬁ iWfiyy
\ ,/,
e Ny W-_\_J“n-: Oﬂ.-'.o—.-_u osquer) N
3
TR EEY TAIERET I QuIToag oveined p 2y
TIPWITW1D iipairentini] D WBITN dberrF5 Y
T
ino.o—u-‘ m...t.ub.
14VIE PN IVIERVIA 100LLI IR 1 A WL O
IDT SHOTFA W NVIIVE ¥ QD@ W ITVNBIT PINVIL POIAONS
IAVIROWN BINTNIIINY 1O NOTVA I MO OUNONII®D W OLOIrY
‘OOl 9T oMYA Ao TiienT
OO VUPIIIEAIRIMN P WD RSN KD PrGIIVIP PIVAY RN PRIV
CHVIOL VIOT OLFAITTOw ORXPS W v .7
L tnd
-
- o - — —y — 90 sy
TEBISNT
o 0 T ¥ T T v T v T L] 1 T




~109-

whether the preparation of each phase was consistent with overall project
developuent.

(b) The group was also charged with analyzing all available means of production
for the purpose of gquantitatively measuring their natural variability (ma-
chines) and level of fidelity (tools), and for eliminating, for every op-
eration, every possible cause of systematic error by: verifying tool
conformity to design (metorlogy); testing with a tool that precisely met
design specifications; and producing pieces in a quantity such that tool
wear would not degrade quality. Through a statistical analysis of the col-
lected measurements (Gauss distribution and confidence limits), the natural
tolerance of a machine could be calculated and registered, a specific pro-
cedure could be accepted or rejected on the basis of its ability to maintain
the required tolerances, and a control method could be designed for accepted
processes.

With on-line, 100% inspection, the inspector should be at the work station
where diagnosis of problems takes place based on information derived from every
part in production. This suggests that the quality control and methods engi-
neering functions are now being done at the work station by the operator. The
distinction between line and staff is sufficiently blurred by this shift as to
render arguable whether the line-staff concept is still meaningful. As we can
see in the barrel line illustration, each of the twelve workstations has a
quality control bench. On this line, each operator is both quality inspector
and methods engineer. The operators formally report to the Quality Control
Programning Section, and are responsible for, and have authority co make chs ges
to, procedures.

The shift to managing information and p)ocedures was not an easy one fur
Beretta. "It was," averred Ugo Beretta, ''the biggest change in the cultura of
the plant that I have ever seen."’

Each operator is a manager of a cell, and there is no supervision of work.
Operators no longer monitor the performance of machines, but rather control the
performance of a group of machines run by computers. To do so, they need to
understand the relationship between computer programs and physical output. They
also need to understand the interaction of all aspects of a system of machining.
The principal medium of communication is no longer a blueprint, but printed
output.

The use of the electronic gauge (Figure 24) is a particularly telling ob-
servation in manufacturing practice. In the blueprint for the barrel (Figure
23) there are no tolerance or measurement specifications, only four parameters,
labelled T10, T1l1, T12, and T13. These specifications are replaced by control
programs, each of which represents a relationship between some set of hisr~rical
measures and the required response. To specify these control programs, the op-
erator has had to become a systems engineer, comfortable with data base manip-

Personal communication.
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ulation and control algorithms. The transformation of work has been quite
radical indeed.

How did this transformation affect operations at Beretta? For a start, the
company grew three-fold in eight years without a net increase in the workforce,
and was still capable of handling excess capacity. Having drastically reduced
manufacturing costs, Beretta began manufacturing rifles for its two major com-
petitors, Browning in England, and FIN in Belgium. In 1985, the Beretta
Parabellum 9mm won the company the United States Army contract for a replacement
pistol for the venerable Colt 45. The contract stipulated that a new factory
be constructed in the United States. The reproducibility and transportability
of its NC programs assured Beretta of being able not only to make money at a
bid price less than half that of the second place bid, but also to start up an
entirely new factory in Accokeek, Maryland within eighteen months.

NC technology simultaneously enhanced flexibility, quality, and productiv-
ity. Beretta realized a ten-fold increase in the number of products that could
be produced on the line, with a concomitant raduction in rework and scrap from
8% to 2%, and a three-fold increase in labor productivity. Implicit in the
sinultaneous increase in number of products and quality of workpieces was an
integration of product and process knowledge.

The workplace ethos had chaaged again. It was now more than jist monitoring
machines; it was controlling them, as well. Electronic gauges replaced control
charts. The skill required was more than diagnosis. One had to exneriment with
procedures and learn. Adaptation replaced stability as .he process ‘ocus. System
Engineering replaced Quality Engineering as the dominant engineeing ethos.
Information technology had come of age.
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COMPUTER INTEGRATED MANUFACTURING -- THE DAWNING OF A NEW AGE

Just as Beretta had completed the renovation of manufacturing machinery in
its plants yet another new technology began to emerge. Robots for loading and
unloading parts in machines, untended mobile carriers for transporting pallets
from oue part of a plant to another, and flexible manufacturing cells capable
of a ten-fold increase over traditional machinery in the variety of parts that
could be made were all making their debuts, and with them came the potential
to automate the manufacturing process from one end to the other, from loading
machines, through changing, setting, and operating tools, to unloading proc-
essed parts.

In 1987, Beretta engineers introduced, as pilot projects, two new technolo-
gies: a flexible manufacturing system (FMS); and computer-aided design/
computer-aided manufacturing (CAD/CAM, the integration of computer-aided design
and CNC machines).

Beretta's FMS

The first project was the installation of a flexible manufacturing system
for manufacturing a major gun part--the "reciever.”

A flexible manufacturing system is a compiter-contrr led configuration of
semi-independent work stations, connected by automated material handling sys-
tems, designed to efficiently manufacture more than one kind of part at low to
medium volumes. The system designed for production of the Beretta receiver
(shown in Figure 25)® consists of three CNC machining centers connected by a
material handling system that incorporates a conveyor :tranged in a loop. The
loop constitutes a buffer area where palletsr on which the workpieces are mounted
keep moving until the machine required for the next operation beccmes available.
The system is capable of fabricating forty-five discrete parts. With the ex-
ception of inspection, all system operations are under computer control.

In most FMS installations, incoming raw workpieces are fixtured onto pallets
at a station. Once information on a fixtured workpiece (typically an identifying
number) has been entered to inform the FMS controller that the workpiece is
ready, the FMS supervisor (computer) takes charge, performing all the necessary
operations to completion in any of a number of machines, moving workpieces be-
tween machines, responding to contingencies, and assigning priorities to the
jobs in the system.

The supervisor first sends a transporter to the load/unload station to re-
trieve the pallet. The loaded pallet then keeps moving in a loop until & machine
becomes available to perform the first operation. When a shuttle (a position

¢ Pietro Beretta blueprint, Pietro Beretta, Gardone, Italy.
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SISTEMA Di LAVORO FLESSIBILE COMPOSTO FLEXIBILE MANUFACTURING SYSTEM
DA 3 MODULI 026 FMS MADE QF 3 UNITS 026 FMS

Figure 25: FMS receiver-line at Beretta.

in the queue) is available, the transportar stops and a transfer mechanism re-
moves the pallet, freeing the transporter to respond to the next move request.

Parts received by the machine must be accurately located relative to the
machine tool spindle. The inspection to accomplish this can be done manually,
using standard instruments, or by coordinate measuring machines. The appropri-
ate machining offsets are calculated from the measurements and communicated to
the supervisor.

Meanwhile, the supervisor has determined whether all of the tools required
for the machining operations are present in the tool pocket and requested needed
tools from either off-line tool storage or a toci crib/tool chain within the
system. When all the required tools are loaded, the supervisor downloads the
NC part program to the machine controller from the FMS control computer.

The process of making sure that the part is, in fact, what the computer
thinks it is is termed qualifying the part. Qualifying includes making sure that
all previous operations have been completed, that the part is dimensionally
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within tolerance limits, and that it is accurately located. Tools, too, must
be qualified. Tool geometry, length, diameter, and wear are all examined, ei-
ther manually or under computer control. When both the workpiece and the tool
have been qualified, the tool, part, or program offsets necessary to correct
for systematiz error have to be established.

When the set-up activities are completed, machining begins. The FMS monitors
the iuol during machining. If it breaks, a contingent procedure is invoked. Some
advanced FMSs have in-process inspection and adaptive control, by which we mean
that a continuous measurement of metal removal is taken to determine whether
it is within defined process parameters. Compensating corrections for any de-
viations are made during machining. Adaptive control in FMS is still very ru-
dimentary and technically quite difficult with present day technology.

The finished, or machined, part is moved to the shuttle to await a trans-
porter. After being loaded onto the transporter, the pallet moves to the next
operation, or else circulates in the system or is unloaded at scme intermediate
storage location until the machine required for the next operation becomes
available.

The computer controls the cycles just described for all parts and machines
in the system, performing scheduling, dispatching, and traffic coordination
functions. It also collects statistical and other manufacturing information
from each station for reporting systems. As all the activities are under pre-
cise computer control, effects of part program changes, decision rules for
priority assignment, contingcnt control, and part-portfolic mix can be cap-
tured.

The old line for making receivers is shown in Figure 26.' The forty-one ma-
chines in this line compare with twenty-four in the new FMS line, configured
as eight, three-machine cells. The numt-r of cells was dictated by the volume
of work.

Each cell in the FMS receiver line fabricates a complete receiver, and is
managed by a single worker. The FMS reduces minimum efficient scale by an order
of magnitude, and is flexible and versatile enough to accommodste other
prismatic parts as well as receivers.

It will eventually be possible to load a machine on the FMS line at the be-
ginning of a shift with thirty-five pallets, each containing & blank receiver,
and have the entire lot completely machined by the end of the shift without an
operator being present. Although untended operation has not yet been achieved
at Beretta, it is not only possible, as a number of Japanese machine tool ven-
dors have shown, but achievable in the next decade. When it comes, it will in
all likelihood once again radically alter the nature of worl.

Source: Pietro Beretta, Gardone, Italy.
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What we can expect from a world of untended flexible manufacturing is sum-
marized below.

(1) The worker is likely to be completely separated from the physical elements
of work--metal, lubricants and oil, executing procedures, and turning out
parts. Work will, instead, become an act of conception, of creating new
products and processes.

(2) All of the tools, fixtures, and programs needed by & system will have to
be concejved, built, and developed before it can make the first product.
Thus, all of the controllable costs will be sunk before the first product
comes off the line. After this, the unit cost will be the same whether the
firm makes one unit or many.

(3) In order to achieve untended manufacture, the craft of machining needs to
be developed into a science of manufacturing. Every possible contingency
needs to be anticipated and an appropriate response provided in the form
of a tightly specified procedure.

Problem Solving in FMS

Master mechanics working with general purpose machines usually accrued years
of experience, during which they accumulated a wealth of idiosyncratic knowledge
about how to perform in a wide variety of circumstances. They talked in terms
of a "feel" for the machine, the tools, ind the parts they worked on. It was
through this feel that they w:re capable of producing parts of very high accu-
racy. Watching them work, one had a sease that they recognized errors (e.3.,
vibration or chatter, structural deformation due to thermal forces) as they were
happening; and adapted their procedures Lo compensate for them. This, in engi-
neering terminology, is an advanced form of adaptive control in an ambiguous
environment. Such error recognition an. compensation requires either a very
elaborate database with a complex web of relationships, such as the experiential
knowledge of the skilled machinist or a scientific understanding of the ma-
chinery, saspsor, and controller technology.

With the advent of numerical control machines, the master machinist was often
replaced by a less skilled operator. This does not imply that contingencies were
somehow removed from the machining process. All the new machines did was follow
explicitly well defined procedures in the form of computer programs. One could
experiment with these procedures until one obtained a good part.

The far-reaching effects of this technology were control over the process,
repeatability, and reprogrammability. Dynamic contingencies remained a part of
the environment, and skill was still required to identify and eliminate errors.
Neither the computer control systems, nor the lesser skilled persons employed
to operate them, were capable of recogrizing systematic errors in these ma-
chines. The "feel"” for the machine was absent. New skills, those of manipulating
abstract procedures and entities and recognizing, and learning from, the re-
lationships between procedures and tolerances, were required.
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FMS technology and "unmanned" machining compounds the accuracy problem.
Workers are entirely removed from the machining area, machining being done using
multiple machines with multiple tools, and inspection done off the machine. As
an FMS is merely a number of standard NC machines connected by an automated
material handling system, it has all of the problems common to NC machines. But
it also lacks the stand-alone NC machine's constant attention from a machine
operator, who can compensate for small machine and operational errors by rea-
ligning parts in a fixture, tweaking cutting tools, etc. The programs lack the
skilled machinist's capacity for accommodating large variations in castings.
Determining the source of an "out of tolerance” problem in an integrated FMS
can be very difficult. The error might be the result of any one or a combination
of factors, such as tool wear or interface alignments (e.g., tool/spindle,
part/fixture, fixture/pallet, pallet/machine). Proper diagnosis entails knowing
which tools were used on which workpieces on which machines, and, if more than
one part program was used, which was in use when the problem occurred.

The level of complexity involved in problem diagnosis is an order of magni-
tude gresater than in & manually tended machining center. Thus, if an NC machine
is once removed from the "feel" of machining, an FMS is twice removed. To un-
derstand the difficulty associated with diagnosing problems in an FMS an analogy
is useful. Consider the task of writing, for a person of limited vocabulary
and using only the English language, the instructions for drawing a picture of
a donkey. If this exer:ise proves easy enough, then consider the following: each
of three people is to be given instructions for drawing a different part of a
donkey (using differert vocabulary and syntax) and their drawings are to be
brought to a central 1 :ation where a fourth person will be required to assemble
them. Now, if a fif- h person were to inform you that tke donkey looks like a
horse, how would you go about correcting the problem and issuing new in-
structions.

Why, you might ask if problem diagnosis is so difficult, do we use FMSs for
fabrication of high accuracy parts. It is simply because of controllability,
reproducibility, and reprogrammability. Once we have solved a problem and
written the appropriate code, the system will reproduce the procedure forever.
Reprogrammability allows us to perform experiments on the line to correct for
errors. If the procedures are set up right, codification of the experience
gained and of alternatives taken and rejected becomes possible. In a restricted
domain, sucli xuowlcdge can be transferred to other processes, products, tools,
etc. In order to move from an art to a science, we need to understand the streams
of knowledge that make up the science. It is not the case that the problea
solvers are no longer skilled. In fact, they are highly skilled; only the domain
in which the skill operates is different, having become more abstract than real.

Where a number of contingencies can arise, it is important to be able to
recognize, diagnose, and learn from the resulting errors. With such a high
plane of technical intelligence required, operators have to be trained in the
scientific method in order to better understand how various machine tool errors
can cause parts to be out of tolerance, how to measure and correct these errors,
and how to make accurate parts. A key to successful, accurate machining is the
cutting tool--geometry, cutting edge preparation, accurate position control of
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the cutting edge to shank, proper inspection of new tools, and accurate equip-
ment for sharpening and presetting.

An operator is usually alerted to possible machine tool errors through dis-
covery of an error in the final form of a part. These errors, be they in size,
shape, location, or surface finish of a part feature, can result from one or a
combination of errors in three broad classes--mechanical, thermal, and opera-
tional. These are elaborated in Figure 27. Both mechanical and thermal errors
can be further classified as attributable to aspects of either a machine or a
part.

One is also concerned with the frequency of errors. Errors can be systematic
(static), whereby they occur with approximately the same magnitude each time
the manufactuing task is performed, or they can be random (dynamic/fluctuating),
occurring each time with different magnitudes and without an apparent pattern.
(See Figure 28.) Many of these errors can be avoided by good shop and machining
practices, maintenance discipline, and an awareness of how fixture design, poor
tool setting, and other actions can affect system performance.

When tolerance bands are broad, error avoidance is enough to keep a shop
running smoothly. Exploration of machine tool errors and diagnostics do not play
a significant r~le in day-to-day operations and skills will not be required of
shop floor personnel. But in a changing environment, in which new parts and part
programs are being introduced and tolerance bands are very small, error avoid-
ance alone is not likely to remove all errors. Detailed examination of machine
tool will be required to locate sources of mechanical and thermal error, de-
ternine their magnitude, and identify their mechanisms. It is possible to seg-
regate these into static and dynamic errors through a number of tests. Static
errors are significantly easier to deal with than dynmamic errors. If, for ex-
ample, a machine tool has a bed that sags slightly at one end when the table
is soved over it, and if only one axis is affected, it might be possible to
reprogram offsets in another axis to compensate for the sag while cutting. Dy-
namic errors, whose sources are usually thermal, are the most difficult to
handle, requiring very careful analysis of alternative procedures. Their sol-
ution requires the "feel" of a master machinist, the logical mind of a software
programmer, and access to extensive databases of information on similar prob-
lems.

With this transformation of the operator into a "knowledge worker," the blue
collar image of factory work is no longer appropriate. The intellectual assets
needed by & firm to create new products and processes become the dominant driver
in manufacturing competence. Thus, management of these assets becomes crucial
to a firm's viability. '

Beretts's CAD/CAM System

An understanding of what these assets are can be gleaned from an analysis
of the second project Beretta undertook, CAD/CAM integration. This project
consisted in having both the design for the locking system of a rifle, and the
NC programs needed to directly fabricate its parts, carried out on an engi-
neering workstation. The three engineers assigned to this task were provided
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Figure 27: Sources of error in an FMS.

with a workstation with a color graphics terminal that displayed icons intended
to facilirate component design. The component design had to satisfy both product
functionality requirements {such as safety, efficient kinematic interaction,
ability to withstand stress, and ease of assembly and disassembly) and
manufacturability constraints (such as required tolerances, clearances between
components, simplicity of parts configuration, etc.).

The locking system consisted of twenty-six different parts. Some of these
were selected from a catalog of components, others had to be specifically de-
signed. Software vendors supplied a number of different computer programs ca-
pable of manipulating parts geometries. These were used to create designs, move
them around on the screen, and fix them to specific locations as if one were
actually physically assembling them in three-dimensional space. Other computer
programs simulated the movement of the triggering mechanism and the kinematic
linkages associated with it. The forces exerted on the mechanism during firing
and the resulting stresses were also simulated by computer programs.

An engineer working with a number of different parts geometries could create
and test different alternatives, settle on a tentative design, and then examine
the manufacturing impacts of each part. 4 host of manufacturing related com-
puter programs could then be used to create the NC programs needed to machine
the components and even graphically display the tool path of a metal cutting
program on the screen. When satisfied with the design, the engineer could
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Figure 28: Classification of FMS errors.

transfer the program to & machining center and have the components fabricated
automatically.

The CAD/CAM pilot project proved that the concept was viable. Three people
had designed in as many months what normally took nine people a year to develop.
This represented a reduction in person months from one hundred and twelve to
nine.

The components used to test the feasibility of the concept were, by design,
quite conservative, but the engineers realized th.. by building a variety of
analytical models they could create a very powerful design tool. By simulating
performance in real-time they learned much about how the different aspects of
product design and process interacted. They were able to discern problems in
these interactions and even to codify design rules for manufacturability.
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The immediate organizational response to the CAD/CAM project was to regard
this design tool, like all the other innovations the company had adopted, as a
productivity enhancement tool. This is was, but it was also something more; it
was a knowledge enhancement tool. The system possesses the potential to make
an expert more of an expert and, as it accumulates information, models, and
design rules, to enhance the intellectual assets of the firm. It can be argued
that such systems are themselves part of a firm's intellectual assets.

If the enhancement of intellectual assets is critical for manufacturing
competence, and if CAD/CAM integration has the ability to achieve it, in what
dimensions might we discover useful insights?

Obvious dimensions are those of organizational memory and analytical capa-
bilities. Such systems are capable of maintaining, and providing on-demand ac-
cess to, vast stores of information. They can perform a variety of calculations
and simulate behavior to reduce uncertainty in product and process performance.
Taken together, these capabilities constitute powerful productivity enhancement
tools.

A particularly important dimension that such tools add to a firm's intel-
lectual assets might be called system intelligence. Prior to CAD/CAM inte-~
gration, organizations solved product/process problems by taking recourse to
the respective experts in each area. Each of these experts represents a vast
store of functional knowledge in a specific area. Over time, organizations have
learned how to effectively manage the knowledge of these functional experts,
and devised mechanisms for resolving the conflicts that arise between them over
which sets of alternatives are better in a given situation. This knowledge of
how to manage knowledge is sometimes called tacit knowledge, or organizational
intelligence.

In CAD/CAM integration, we have begun to include information on, and models
of, functional expertise. This information enables us to systematize, examine,
and learn from interactions between functions in such a way that issues are more
sharply focused and patterns of interaction become recognizable. System intel-
ligence, then, is the recognition and understanding of the interactions between
functions, and a surrogate for organizational intelligence as it relates to
product/process performance.

Creating functional models of products and processes, validating them with
experience, and manipulating them in the process of design is an emerging form
of engineering--knowledge engineering. While this term has been used in asso-
ciation with the acquisition of knowledge for so-called "expert systems,” we
suggest a more encompassing definition, to include the variety of functions that

we see emerging as a broader engineering discipline.
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On Putting It All Together

While Beretta has not as yet integrated its CAD/CAM and FMS technologies
(i.e., has not moved to computer integrated manufacturing, or CIM), a few things
are already clear. The organization of work will see another radical shift.
While the engineering ethos in the NC era was one of systems science, in the
CIM era we see knowledge and the management of intelligence as the primary do-
main of activity. The professional workstation has replaced the simple elec-
tronic gauge. The creation of new products and processes, being versatile, is
the primary driver. The ability to generalize and abstract from experience in
order to create new products is the skill required. As Beretta has thus far
built only one FMS cell and designed but a single locking mechanism using
CAD/CAM, this may seem like idle speculation. Yet evidence from Japanese systems
operating unattended at night suggest that this is clearly the direction. My
own studies of more than cne hundred FMS systems operating worldwide corroborate
this evidence. (Table 4 provides a comparison of the NC based factory with one
using F¥S.)!* The following are among the conclusions drawn from that research.

The management of FMS technology is taking place in a different manufac-
turing environment, and thus consists of new imperatives.

Build small, cohesive teams. Very small groups of highly skilled
generalists show a remarkable propensity to succeed.

Manage process improvement, not just output. FMS technology fundamen-
tally alters the economics of production by drastically reducing variable
labor costs. When these costs are low, little can be gained by reducing chem
further. The challenge is to develop and manage physical and intellectual
assets, not the production of goods. Choosing projects that develop intel-
lectual and physical assets is more important than monitoring the costs of
day-to-day operations. Old-fashioned, sweat-of-the-brow manufacturing ef-
fort is now less important than system design and team organization.

Broaden the role of engineering management to include manufacturirg.
The use of small, technologically proficient teams to design, run, and im-
prova FMS operations signals a shift in focus from managing people to man-
aging knowledge, from controlling variable costs to managing fixed costs,
and from production planning to project selection. This shift gives engi-
neering the line responsibilities that have long been the province of man-
ufacturing.

Treat manufacturing as a service. In an untended FMS environment, all
of the tools and software programs required to make a part have to be cre-
ated before the first unit is produced. While the same is true of typical
parts and assembly operations, the difference in an FMS is that there are
no allowances for in-the-line, people-intensive adjustments. As a result,

1% Jaikumar, R., "Postindustrial Manufacturing,” Harvard Business Review, 64,

No. 6 (November-December 1986), 73.
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Before After
Types of garts produced 543 S43
per month
Number of px-cb! pro- 11,120 11,120
duced per momnth
[Ploor space required 16,500 =€ 6,600 m°
Zquip- CNC machine 66 38
ment tools
psr
system General purpose 24 ]
machine tools
TOTAL 920 43
Per- Operators 170 36
sonnel
per
system
three Distribution 25 3
shifes and production
control workers
Average |Machining time 35 3
pro-
ceesing |Unit assembly 14 7
tine
per Final sssembly 42 20
Part?
daye Total 91 30

12o make the comparison useful, I have held these figures constant.
s includss time spent in queue.

Table 2: Performance of one factory before and after automation.

competitive success increasingly depends on management's ability to antic-
ipate and respond quickly to changing market needs. With FMS technology,
even a small, specialized operation can accommodate shifts in demand. Man-
ufacturing now responds much like a professional service industry, custom-
izing its offerings to the preferences of special market segments.??!

We have come full circle. The new manufacturing environment looks remarkably
similar to the world of Maudslay; only the world of work has changed. The holy
grail of a manufacrturing science begun in the early 1800s and carried-on with
religious fervor by Taylor in early 1900s is, with the dawning of the

twenty-first century, finally within grasp.

1 Ibid., 76.




-123-

CONCLUSTONS

Having examined each of the six epochs of process contrcl we can see that
tliere is a certain consistency among them in terms of what changes. Technolog-
ical demands, the organization of manufacturing to meet these demands, and the
nature of work are affected in each epoch. We also see that the shifts involved
in the transition from one epoch to the next are intellectual shifts. Each epoch
brings a new way of posing a problem and solving it. To the extent that a firm
competes by acquiring, developing, and managing know-how, these intellectual
shifts become technological imperatives. One might argue that the shifts them-
selves are socially determined, and that technology is a social product. Nev-
ertheless, insofar as we live in a competitive world, we must, once one of these
shifts has occurred, adapt to the technological imperatives imposed by it.

In examining how the nature of work is affected by these intellectual shifts
we have shown, in this paper, that a firm's response must go beyond a radical
restructuring of its organization to address the intellectual underpinnings of
what gets done in the world of work.

We have shown that the first three epochs--the English, American, and Taylor
_ystems--related to the material world of mechanization. Each saw the manu-
facturing world as a place of increasing efficiency and control, substitution
of capital for labcr, and progress thruugh economies of scale. These object:ves
were obtained through an engineering focus on machines and what could be done
with them. The role of labor was increasingly seen as one of adapting to the
machines and the contingencies of the environment, ultimately, of being yet
another machine. Concurrently, the machines themselves became more elaborate,
capable of ever greater precision and control. Yet the single principle that
seemed to underlie these developments was increasing mechanical comstraint.

Abbot Usher, a historian of technology, observes thar

some of the impressive improvement of machines consists of refinement of
design and execution. The parts of the machine are more and more elaborately
connected so that the possibility of any but the desired motion is pro-
gressively eliminated. As the process of constraint becomes more complete,
the machine becomes more perfect mechanically. . . . The general line of
advance takes the form of substitution of the more intense for the less
intense forces, grading up through a long sequence that begins with types
of human muscular activity. . . . There is a steady increase in potential
(energy): we have to deal with a transition for machinery worked at a very
low potential to machinery run ai very high potential. The change in po-
tential itself requires more and more careful comnstraint of motion because
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these highly intense concentrations of energy could not be applied to
mechanisms until adequate control was possible.!?

This world of mechanization reached its zenith in 1950. Already, one could
hear rumblings of a brave new world. In 1946, Brown and Leaver laid out, in a
Fortune magazine article entitled "Machines Without Men," a blueprint for a new
industrial order.!? They had made the intellectual leap from mechanization te
information processing. Norbert Weiner, in a prescient analysis of the power
of information processing, gave credence to Brown and Leaver's world view.
Though it would be another forty years before we would see the first automated
factories without men, the seeds for the emergence of a new paradigm were
planted.

It is appropriate that James Bright completed his landmark study, Automation
and )Management, in 1958, for that year marks the end of the era of mechaniza-
tion. Bright observed that

the average manufacturing system of 1956 . . . can be regarded as no more
than a crude assemblage of unintegrated bits of mechanism. These mechanisms
themselves may reflect the utmost in the mechanical art of our times.
Still, when collected under one roof and directed toward a particular pu.o-
duction end, they are anything but a machine-like whole.

. . A hundred years from now the average factory of our day may ve
regarded as having been no different in philosophical concept from the
factory of 1850. . . . (Process) "design" has meant the co’lectcin of
equipment for a production sequence--not tue synthesis of a master
machine.!*

The glue that made a collection of machines a manufacturing system was people
processing information. The lack of integration Bright speaks of and the 3:-
telligence needed to make machines function has been the focus ¢f the subsequent
three epochs. In the dynamic view, the NC era, and computer integrated manu-
facturing, we see a reversal of the trends of mechanization: increasing versa-
tility and intelligence; substitution of intelligence for capital; and
economies of scope. Machines have been increasingly seen as extensions of the
mind, and as meant to enhance the cognitive capabilities of the human being.
This paradigm shift is what this paper is all about. The versatility of infor-
mation technology and freedom from mechanical constraint suggest a new manage-
rial imperative.

12 yUsher, A. P., A History of Mechanical Inventions, (Cambridge: Harvard Uni-

versity Press, 1954 rev. ed.), 1l16.

12 Noble, D. F., Forces of Production (New York: Alfred A. Knopf, 1984), 68-70.

1% Bright, J. R., Automation and Management, (Boston: Harvard University

Graduate School of Business Administration, 1958), 16.
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Figure 29: Work. mechanization, and intelligence in the evolution
of process control.

The systems of the epochs characterized by integration and intelligence are
seen as man-machine cooperatives. To understand the significance of this shift,
let us imagine the technology in the extreme. Consider a small group of engi-
neers working coorperatively via a connected system of work.tations on iesign-
ing, and writing the manufacturing software for producing, on any defined
configuration of machines located anywhere in the world, all of the components
for a new rifle. Having created the requisite procedures, the rifle can now be
produced in whatever quantity is desired. Machine capacity and materials have
become commodities, to be bought and sold at whatever price one can ol zain.

We are not there yet, you say. Yes. But why not? What is holding us back is
not increasing mechanization, but the gr-ater intelligence in the form of pre-
cise and complete sets of contingent procedures. This is the technological
imperative today.

The one incontrovertible trend we see through the six epochs of process
control is the evolution of manufacturing from an art to a science. Each of the
six epochs focused on a particular aspect--accuracy, precision,
reproducibility, stability, adaptability, and versatility. In the early epochs,
we developed measures, then gained control of the process. Next, we mastered
variability, first in the machine, then in the human. Finally, we studied, and
then controlled, contingencies in the process until we were able to extract
general principles and technologies that we could apply in & variety of domains.
In short, we achieved versatility. These activities map directly into the stages
of procedural knowledge in the development of a manufacturing service as pos-
tulated by Jaikumar and Bohn. Figure 29 traces our progress from high to low
discretion and back again, and from increasing mechanization in an essentially
static world to increasing intelligence in & more volatile, dynamic world.
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We have seen in detail, for each of the six epochs, what the chanzes have
meant for manufacturing management in the firearms industry. Is it possible to
generalize these findings to other industries? As long as there are structural
similarities in the manufacturing process technologies--metal fabrication, for
instance--we would venture to say that the broad thrust of our argument holds
true. There is a paradigmatic shift to a more dynamic, information intensive
world, centered around the development of intellectual assets. Managing these
intellectual assets, that is, attending to the man-machine cooperative system,
is the new challenge.
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1. INTRODUCTION

There 1s a lot of practical evidence resulting from the many
case studies (see Ranta et.al., 1988; Jaikumar, 1986; Goldhar
et.al., 1983, 1985; Meredith, 1987) which proves that the most
critical issues of the application of CIM technologles are
managerial and organizational aspects of the systems
implementation. However, the basic technologies are not yet
invariant and not at a mature stage of development. Thus 1t is
reasonable to expect that technological factors can still
considerably contribute to the technological and economic
efficiency of different CIM technologies. We can also expect that
many systems applications are simply dependent on economic
efficlency and capital intensity of different manufacturing
technologies. Thus many of the stated goals and targets of CIX
and FMS technologies, such as flexibillity, accuracy, processing
speed, complexity of products and parts, are mainly dependent on
the trade-off between the technological capabilities and the
costs of technological solutions.

One of the main technological driving forces has been the
application of information technologies, i.e. mainly basic
electronics, computer technologies, and communication
technologies, in both the products and the production of
manufacturing industries. We can expect that this pracess will
still be intensified when the possibilities of information
technologies are fully utilized. This alsoc means that the key
carrier branches of technological change will be the
manufacturing equipment industries, which utilize the dynamics of
technological change both in their products and in their
production, and which have forward linkages with other
manufacturing industries providing them with systems and advanced
tools. The motive branches of change will be electronics, the
computer, communications and electric machinery industries, which
provide tools and means for the manufacturing equipment industry.
Thus the manufacturing equipment industry has backward linkages
with information technologies and related industries. In the
following the paper analyzes possible forms of future application
and makes an assessment of different carrier technologies, 1.e.
electronics and information technologies, and their impacts on
future manufacturing technologies.

2. COMPUTER INTEGRATED MANUFACTURING: BASIC DEFINITIONS AND
TODAY'S APPLICATIONS

2.1 Production Automation -- as a Whole and in Part

No attempts will be made to give a complete definition of
computer integrated manufacturing and all aspects of modern
production automation. An illustrative definition is presented in
Figure 1. Accordingly, CIM is integrating different technologies
as well as different fields of engineering and knowledge.

Ve can differentiate four basic levels. The heart of
production is, of course, the machine level. It has been one of
the starting points of manufacturing automation and one of the
first appliers of electronics and information technologies in
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manufacturing. The most typical examples are CNC-machines,
robots, automatic storage, transportation devices and special
machines in different industrial sectors, such as cutting
machines in the clothing industry. The automatic machines have
two kinds of interfaces: one downward interface towards
production with sensors, transmitting devices, servomechanisms
and switching devices, and one upward interface towards the
systems level and towards the planning process with different
communication systems. E.g., a modern NC-tool or robot can have
its own microprocessor control for each axis of the motion,
custom-designed semiconductors in servomechanisms, as well as
sensing and information processing devices to take care of the
downward and upward interfaces and the all-over control of the
machines. These are real mechatronic products, combining
mechanical engineering, electrical engineering and electronics.

The systems level is the second level integrating single
machines with the help of computers and communication technology.
There are flexible cells (FMC), their combination in the form of
flexible manufacturing systems (FMS), or even an integration of
several FMS in the form of a factory-scale system. For such an
integration, systems or single machines have to be able exchange
data and information. Therefore a combination of communication
technology with computer technology is important-- not only for
the integration, but also for the upward interfaces to different
planning systems. The second crucial issue is the mechanical
integration with the help of transportation devices and storage
systems. As a whole, the systems concept is at its emerging
stage, because there are no ready-made or standard concepts for
the software and the communication parts of the system; therefore
software engineering 1is one of the key issues on the systems
level.

The third level consists of different planning and design
systems, including CAD, CAM and process planning (CAPP), as well
as production planning and control. The planning level has been
the second starting point for information technology applications
in manufacturing and i1t has been far ahead of the systems level.
E.g., different CAD and production control systems are well
established and intensive users of computers. However, there have
been problems with the integration of different planning
technologies, such as CAD, CAM and CAPP, to produce di-ctly from
the design data bases the required tooling steps, rout.ag
instructions and NC-controls. The same is true for the downward
interfaces with the manufacturing systems level. Thus,
considering the whole CIM-concept, one of the key questions is
again software engineering and communication technology and the
integration of design and planning with manufacturing.

The fourth level, which is emerging parallel to the
manufacturing systems, comprises application design and related
engineering and project delivery activities. This can be regarded
as a separate level or business activity, because there is a
special need to combine customized requirements and technological
possibilities and to specify applications as well as the systems
architecture. The growing need for these activities 1s also due
to the lack of common systems solutions and the novelty of
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systems technologies for small and mediumscale industries (see
also Bullinger et al., 1985).

Apart from this vertical classification, the CINM
technologies may also be classified horizontally according to _the
required processing steps. E.g., there exist different
technologies for sheet metal processing, part tooling for
prismatic and rotational parts and product assembly. To achieve
all-over integration, different tooling steps have to be
incorporated in addition to different functionms.

The essential point is that there is no single, well-
designed production automation technology, but it combines many
different technical products and utilizes a high level of
integration. It 1s also essential that software engineering plays
a major role on the systems level and that organization
innovations and marketing innovations (understanding special
needs)> are the key factors in a successful design of
applications.

This integrated systems aspect of production automation
makes it difficult to develop "a life-cycle model" for flexible
manufacturing automation. The systems concept (CIX or FMS) 1is
still at the emerging state, but it can utilize mature
technologies as components, and clearly radical innovations and
take-offs in the mature components (robots, NC-machines, such as
laser cutting) will have a major role in future trends, 1if they
become technically feasible.

The FMS or CIM systems can be considered as products and as
product innovations. However, major difficulties arise for many
industrial branches when FMS and CIM systems are regarded as
production innovations. In practice, the successful application
of FMS or CIM or of the concept of flexibility requires major
organizational innovation. The FMS and CIX systems are always
special, customized systems, usually designed to fulfill very
special needs —- there are no unified, standard FMS or CIX
technologies. For this reason application know-how (marketing
innovation) is essential in the systems planning and the project
output. Again we can conclude that flexible production automation
has a highly integrating nature and that the future trends, and
especially the diffusion of FMS and CIX technologies, will depend
on many factors -- on many technical components, organizational
factors and application design capabilities.

The integrating as well as the emerging nature of the FMS
and CIX concept also reflects the fact that, as business
activities, FMS and CIM are very diversified: there are
specialized vendors for NC-machines, robots, AGV's, etc. In
addition, there is a newly emerging line of business: systems
integration and systems engineering, which is software-oriented,
but which requires a thorough knowledge of a certain application
area.

The lack of common standards also provides possibilities of
going into business with speclalized, interface- and
communication-oriented software. Furthermore, there are
considerable possibilities for small, high-tech firms, which are
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specialized 1in very narrow technological areas, such as special
sensors, signal processing, image processing, etc.

Finally 1t should be noted that each industrial branch
(metal products, electronics, clothing) requires its own special
application knowledge which, in general, is not transferable from
one branch to another.

2.2 Backward and Forward Linkages

In order to forecast the future applications of
technologies, it is essential to know the routes of diffusion and
the ways of how to utilize modern technologies. In this paper
these routes are called forward and backward linkages. Figure 2
illustrates the basic way of thinking. The forward linkages
present practical needs or the market pull, and then, of course,
the backward linkages can be regarded as the technological push.

The first-order carrier branches consist of the machime-tool
industry, the robot industry, and related industries. The
development of these branches has been heavily based on
information technologies; they alsc provide components for
systems integration, which presents the second part of the first-
order carrier branches. The systems integration is mainly based
on extensive applications of computers and communication
technologies. Important special issues are distributed processing
and databases as well as local area networks. Therefore software
engineering also plays a crucial role in this context. On the
machine level the driving forces are, apart from computer
technologies, the integration of mechanical engineering and
electronics, and even of the basic component technologies, into
the machine design. Also electrical engineering plays a special
role because of its servos and drives.

The main application areas are here called the second-order
carrier branches, because they are, apart from the machine-tool
industry itself, the main users and appliers of the systems and
the basic machine technologies. So far the main branches have
been general machinery, the automobile and car industry and other
transportation equipment industry, as well as the electronic and
electric product industry. These branches will -"so be the main
appliers in the future. However, depending on te.hnological
capabilities and economic efficiency, we can expect the diffusion
of compact systems also to extend to small and medium-scale
enterprises as well as to the so-called marginal branches, like
wood product industries.

There are furthermore some special branches, like the
clothing industry, which are extensive users of information
technologies based on modern production technologies, but they
are somewhat outside the mainstream of the development, because
of special requirements and special machinery. The reasons might
be difficulties in material handling, possibly necessitating
special types of machines, or other technology-related reasons.

Vith regard to the backward linkages it is safe to expect
that the manufacturing industries will not be the key industries
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influencing the future trends of semiconductor and computer
industries. In Japan and Europe this influence can, to some
extent, exist. But in general we can regard the semiconductor and
computer industry from the manufacturing viewpoint as an
autonomocus force, which will proceed in the near future according
to its own laws, or which will partly be driven by the space,
aircraft, telecommunication and military industry. Thus we can
analyze the impacts resulting from the backward linkages to be a
real technological push.

As mentioned before, the key element of change is the
machine-tool and the related manufacturing systems industry. It
has so far been the technological driving force, as it has
provided the basic components for systems integration and as it
has been the first user of FMS in its own production. In that way
it has been the key element of the systems integration and has
been moving from a component supplier and a systems applier to a
systems vendor. Another important path to systems integration has
been through electrical components and special controls. Usually
this industry has provided special components and controls to the
machine-tool industry or has even produced robots. It has also
been an early user of the systems in its own production. It 1s
quite a logical step to move from systems control to integration
and related software products. The third main path has been from
the computer and software industry to manufacturing software
integration. This 1s, at the time being, the growing group, and
there 1s a special need or a special market niche for that kind
of activity, because the systems and related software products
are still mainly customized products due to a lack of common
standards and so far there is no common control structure for the
systems and for their architectures.

It has been and still i1s common that the systems integration
is carried out as an in-house activity directly by the final user
of the systems in the application area. This is to a great extent
due the customizing of the systems. At the present time there is
also a common phenomenpon that systems are supplied by a
consortium of companies, which can be even international. Such
forms of cooperation usually consist of a systems integrator and
several component suppliers, where the systems integrator has the
main responsibility. Such consortia seem to be gquite sustainable
forms of collaboration.

2.3 Technological Factors of CIM and FMS Applications

One common hypothesis has been that there is a shift from
economies of scale to economies of scope in many industrial
sectors. Thus the critical competitive factor lies in the ability
to make product variations and to manufacture them in an economic
way. In combination with product variations there are
requirements for short delivery times, high quality products,
small batch sizes and capital savings. Together, these
requirements make it possible to respond to the customized needs
and to compete in special market niches. An analysis of empirical
data, as will be seen later, supports the above statement. One of
the driving forces has actually been the attempt to realize
economies of scope in terms of flexibility of product and
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delivery time, and, at the same time, to increase the product
quality (Brddner, 1985; Bullinger, 1985; Talaysum et al., 1987).

If this is really the case, then the next natural question
is: what are technological means and what are the main
technological obstacles to achieve flexibility. These
technological factors of flexibility are defined in more detail
by Ranta and Vandel (1988) and Ranta and Alabian (1988).

Many of the basic factors of flexibility on the operational
level are related to the current technology and its economic
capabilities. From the empirical findings and case studies we
can conclude that there exist main technological obstacles of
flexibility. Pallets and fixtures are still expensive and they
are main obstacles of machine and process flexibility. General-
purpose -- but economic -- pallets and fixtures are still to be
developed. The possibilities to make prismatic and rotational
parts at the same manufacturing center are growing, but a real
general-purpose machine and thus a remarkable increase of machine
flexibillity as well as process flexibility is still beyond our
present economic capabilities. Production flexibility as well as
structural flexibility is dependent on software issues. A
modular systems software as well as a proper interface system can
guarantee systems extendabillity in the future. An open
communication system as well as the use of a common communication
protocol will help to increase production flexibility. A modular
software design and standardization of systems software can, in
general, decrease tailoring and application design costs.

Anyway, software engineering is a key issue when we try to
guarantee the availability of systems and their high reliabllity.
An increasing amount of functions will be controlled or realized
by software.

The above problems are also reflected in the cost structure
of the FMS systems. According to our empirical data (Sheinin et
al., 1987, Tchijov et al., 1988a) the average investment costs of
the systems are 3-5 million US 8, and most of the systems are
below that level, corresponding to 3-5 machining centers. The
other parts of the systems are expensive, complicated, and
typically consisting of over ten machining centers. The average
cost break-down is typically 50-60% for the NC-tools, 15-25% for
the auxiliary devices, such as robots, transportation and
storage, 20-25% for the systems control —-- both software and
hardware -- and around 10% for training and planning. If the NC
costs are split up, we can conclude that the basic machinery
corresponds approximately one third, NC-programs to one third,
and fixtures, tools, tool changers, etc. again to one third of
the total NC-tool costs. Thus we see that the overall software
costs corresponds to nearly S@% of the total costs of the
systems. These figures are also found in other studies (Shah,
1987; Fix—Sterz et al., 1986).

If the empirical availability figures are studied, it can be
concluded that the most critical issues are the interfaces of
different software modules and the mechanical and electrical
parts of the auxiliary devices. Also, the ability to make product
changes and the costs of such changes depend more on the physical
limitations and on the costs of the changes in the mechanical
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parts of the system than on software issues. Thus we can make a

critical remark: one common way of thinking has been that the
increasing share of software will lead to an increased
flexibility because of the relatively easy changeability of the
software functions. On the systems level this is basically true,
but the flexibility potential created by the software can be
considerably constrained by the mechanical part of_ the system,
both as a cost factor and as a technical performance factor.

The application of FM systems basically falls into two broad
categories, both of which present a different way of the
substitution of ceonventional manufacturing technologies by CIM
technologies. On the lower cost side of the applications there
are compact systems, and on the upper cost side there are
complex, large-scale systems. This phenomenon can be explained
by technological factors.

There is also evidence in practice that the increased
capacity of systems and the increased complexity will increase
the systems costs/machining unit in a stepwise manner (Sheinin et
al., 1987, Tchijov et al., 1988a). This is due to the need for
more efficient machinery when a certain level of complexity is
reached. Basically this due to the transportation and warehousing
systems and systems control. In small size systems it is enough
to have a compact type material handling system, like a conveyor,
and simple systems control based on programmable logic. VWhen the
complexity increases, a more sophisticated material handling
system is needed, like automated guided vehicles, and the systems
control has to be based on computers, distributed data bases and
integrating communication systems. These changes in systens
complexity tend to change in a stepwise manner.

On the lower end of the applications modest benefits can be
achieved by a compact system and by low investment costs. On the
upper end there are possibilities for substantial savings,
although the investment costs as well as the complexity of the
system are high. The potential benefits usually justify the
higher investments. The second factor, which generally conforms
with the use of complex systems, consists in a real learning
curve effect or economies of scale in software production. When
the level which necessitates the changes in the basic systems
architecture has been reache” there are many possibilities to
repeat (or simply copy) the basic software modules and use the
same basic modules in different interfaces and in systems
coordination and timing. The larger the scale of the system under
design, the more immediate are the benefits of software
repetitiveness.

However, we would like to make another critical remark. The
medium-scale systems are critical from the economic point of
view. It might happen that a sophisticated systems architecture
based on distributed data bases and communication is needed, but
the potential benefits are not high enough to justify the system
investments and the system complexity is not high enough to draw
the benefits from the economies of scale effects. This remark is
also consistent with empirical data, which show that compact,
small-scale systems and very complicated, large-scale systems
have the shortest pay-back time. This also leads to the following
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conclusion: a critical technical issue for the future
applications is the possibility of a module-type control
structure and a transportation device, which allows for a soft
extendability of the system without drastic architectural
changes._

Thus, if there will be no real technical breakthroughs in
realizing systems controls and all-over architectures, which
guarantee module-based design of systems and an easy
extendabllity, it 1s reasonable to expect that the basic
application diffusion paths of the flexible manufacturing systems
will be of the following two types: highly efficient and complex
systems replacing rigid transfer lines, and, on the other hand,
compact, small-scale systems replacing conventional semi-manual,
NC-tool based production. The economy and applicability of the
middle-range system will be highly dependent on systems control
and communicatinn software as well as on flexible transportation
devices.

Moreover, it is worthwhile noting that the overwhelming
majority of applications are tooling of either rotational or
prismatic parts. Sheet metal processing 1s in a sense already
mature, but lagging behind basic tooling. Assembly systems are
rather few, but a growing area. Their technological factors are
even more critical than in tooling.

3. IMPACTS OF MOTIVE TECHROLOGIES: EXPECTED CAPABILITIES OF
ELECTRONICS, COMPUTERS AND COMMUNICATION

One of the basic technological driving forces in flexible
manufacturing systems and in CIM have been the possibilities
created by electronics and computers (see Firber, 1986; Rarita,
1987>. It 1is safe to expect that this trend will also continue in
the near future. Already today electronics and software systems
are a critical part of the systems on all levels, 1.e. from
sensors and servos to systems control and architecture. There are
many technical performance indexes such as speed of tooling,
accuracy of the motion, accuracy of measurements and
communication possibilities of system parts, which can still be
improved by the application of basic technologies. In what
follows are some of the most likely impacts on manufacturing
automation are reviewed.

3.1 Basic electronics

One of the easiest forecasts has so far been the development
of the transistor density of the microcircuit and of the costs of
one bit on the memory circuits. The conventional wisdom, as it
was seen in that year (1982), is presented by Figures 3a and 4a.
It can be observed that the accuracy of the estimates 1s quite
good, although a little too pessimistic. Ve already have
commercial memory chips in the 1 Mbits range and first
announcements regarding 4 and 16 Mbit memory chips (dram) have
already been made. Of course, the market has so far been laid out
for 256 kbits and 1 Mbits. For the static memory components the
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forecasts are quite accurate. Figures 3b and 4b show the actual
new estimates (for data see Jurgen, 1988; Pickar et al., 1988).

It is reasonable to expect that these basic trends will
continue, so that we will have even more efficient, more dense
and cheaper circuits in the future. This development has several
advantages with regard to manufacturiag automation. The small
size improves the possibilities to combine mechanical and
electronic design -- or to make mechatronic devices, the higher
density decreases mechanical connections, making systems more
reliable and suitable for the so-called embedded systems, and the
decreased power consumption alsoc makes systems more reliable and
makes it easier to develop embedded systems, which are important
issues in industrial applications. Finally, the decreasing price,
of course, makes new cost-effective applications available.

It 1s, of course, not only these quantitative numbers which
matter, but the development also will include a lot of
qualitative aspects, which are more essential for the industrial
automation. These aspects will be emphasized below. But before
starting on this subject, we will show some estimates resulting
from expert panels.

According to the Scientific American expert panel, the
following future seems to be possible in the next 1@ years
(Scientific American, 1987).

- The current trends of miniaturization will continue in the
next 10-15 years, which will lead to an improvement of the
component density by a factor of 20-40.

- This is made possible both by the decreasing line thickness
and the lower operating voltage of circults.

- The main transistor technology in use will be the so-called
field effect transistors, most probably the CMOS-technology,
providing a gate delay on the order of ¢.2 ns and a chip
density on the order of 16-2@ million devices per chip,
offering 256 Mbits memory chips and providing an operating
speed of 30-60 MIPS in microprocessors or a fully single-
chip computer in the speed range of 1-3 NIPS.

- Optical communication and optoelectronics circuits in
general will be on the order of ten times cheaper than today
and most likely * wide use.

- Advanced architec.ures will proceed and it is most likely
that there will be commercially feasible parallel processing
computers as well as other special-type architectures for
signal processing, graphics, logic programming etc.

Figure 5 summarizes this promising future.

According to Blectronic Design (January 7, 1988) the
following future, which is very similar to that of the Scientiflic
American, seems to be possible in the next 10-12 years.

- The device density as well as the processing power seem to
be on the same order of as stated above.

- Optoelectronics and optical communication will be in general
use in the future.
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Figure 5. The evolution of efficiency of different computing
categories (Sci. Americ., October 1987).
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- Advanced architectures will evolve and will provide a cost-
efficient way to increase computing power.

Figure 6 shows some of the future prospects.

The recent developments have been linear, so that it was
easy to make forecasts. This also applies to the above forecasts:
they are mainly extrapolations of the existing trends, which, of
course, may appear to be valid. What really seems to be difficult
is to forecast qualitative changes and their possible impacts,
and to analyze obstacles, which may slow down the existing
trends. In the following section some qualitative aspects will
subject to discussion.

Basic silicon technologies

There have been continuous discussions on the future of
silicon as a basic building material for microcircuits. For some
10-15 years there have been forecasts of the substitution of
silicon technologles by new materials, such as GaAs (Gallium-
Arsenide). However, this substitution never really occurred,
which is due to the development of the silicon techmnologies —-
they are by no means mature technologies.

The basic problem to be overcome in microcircuit design has
been a triangle: demand for increased demnsity, the necessity to
have a low power consumption per transistor because of the
increasing transistor density, and the demand for a high
processing speed (small gate delay). The first requirement has
been one of the basic driving forces and is obvious. To gain in
efficiency, cost and reliability, there is a continuous demand
for miniaturization and higher density. But just because of the
higher density the power consumption as well as the waste heat
production have increased -- therefore the second requirement is
important. The third requirement is obvious from the efficiency
point of view. Apart from this basic triangle, there is a need
for easy manufacturing and design of circuits.

However, so far it has been nearly impossible to realize all
these demands in the same design. Therefore it 1s common that the
high density chips are based on technologies, which are not so
efficient in terms of speed, and vice versa, the high processing
speed chips alsoc require more power.

The demand for low costs and reliability has been so high
that there was a rapid substitution of the so-call bipolar
transistor and low-delay technologies (such as ECL, TTL, etc.)> by
the less power consuming field-effect transistor technologies
(NMOS, CMOS). Figure 7a shows the process as it was estimated in
1983. In practice, this substitution has been more rapid and we
can expect MOS-technologies to represent 80% of all the circuits
sold in 1990 (see Figure 7b). This is nearly exclusively due to
the development of the manufacturing and design processes of the
CMOS technologies. Therefore, the CMOS technologies will be the
most highly used single transistor technology and it will
gradually replace the NNMOS and bipolar technologies. For the
details (see Immonen, 1983; Ranta et al., 1985; Riezenman, 1984;
Thompson et al., 1987; Chow et al., 1987; Pickar et al. 1986).
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Process 1982 1985 1390

bipolar 46.8 40.0 30.0

mos

~ pmos 6.1 2.6 2.4

- nmos 37.2 43.7 38.9

- cmos 9.9 13.7 30.7

mos, inclusive 53.2 60.0 70.0

Tatal 100.0 100.0 100.0

Figure 7a. World market shares of [C technologies, 1982
1990 <(Immonen, 1983>.

Process 1982 1985 1990

bipolar 46.8 33 19

mos

- pmos 6.1 3 1

- nmos 37.2 44 35

- cmes 9.9 20 45

Total mos 53.2 67 81

Figure 7b.

The corrected forecasts of 1986 (Electronic

Design,

January 1986).
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What is essential now, is that due to the development of
design and manufacturing the CMOS technologies begin to be as
efficient as the conventional low gate delay circuits, such as
ECL and TL. This means that for the first time in history there
are possibilities to combine the high density requirement with
the high speed requirement on the same chip.

Therefore it is most likely that the cost-performance ratios
of silicon technologies (US/MIPS or Us/transistor) will still be
greatly improved in the next 1@ years. Therefore it is
reasonable to wait for the cost-performance ratio of silicon
technologies to become an order of 10-15 better than the GaAs
technologies, or to reach even a higher ratio. Thus our future
will mainly be a silicon (CMOS) future. This was alsoc expected
by the expert panel of the Scientific American. It is also
reasonable to expect that the trends they forecast are most
likely to occur.

From the manufacturing automation point of view this means
increased possibilities to use so-called embedded circuits, more
rapid and accurate controls of machines and more powerful work
stations at the design end of the systems.

Semi-custom and custom-specific technologies

One of the advantages of CMOS technologies has been easy
design (relatively speaking> and the possibility to integrate
analog and digital functions on the same ship. These facts have
made CMOS technologies a proper candidate for semi-custom and
custom-specific circuits. The experience gained in manufacturing
and design of CMOS-circuits has led to a rapid growth of the use
of semi-custom or custom-specific circuits (see Bell 1986;
Guterl, 1984).

In the beginning of 1980's the economic break-even point was
about 10,000 chips a year for customspecific and 5,000 chips a
year or slightly less for semi-custom circuits. The forecasts for
the substitution are presented in Figure 8a, as it was seen in
the beginning of 1880's. In practice this process has been more
rapid than was expected. Figure 8b shows the recent and corrected
estimates. This substitution process partly also explains the
rapid takeover of CMOS technologies explained in the previous
section. For the data, see Seminconductor Int., 1987; Financial
Times, 1987; Fey et al., 1987. An extensively good overview is
given by Fey et al., 1987.

These trends indicate that the economic break-even point has
come rapidly down to 1,000-2,000 chips a year at present. This
development will make custom or semi-custom circuits reasonable
alternatives for small-scale applications, which are typical in
industrial automation.

There is sufficient reason to expect that these trends will
continue in the future. This is partly due the more efficient
manufacturing process and partly dve to the new kind of software
aids, called silicon compilers. These can utilize so-called cell
or function libraries and automatically translate the functional
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( 1982 1985 1990
Port matrix 6.4 11.0 14.6
Custom 15.3 17.1 19.1
Standard 78.3 71.9 66.3
Total 100.0 100.0 100.0
Figure 8a. The shares of port matrix, custom and standard
circuits in world markets 1982 ... 1990 (Immonen,
1983).
1982 1985 1987 1992
Semi-custom 6.4 12 20 22
Custom 15.3 18 25 30
Standard 78.3 70 55 48
Total 100 100 100 100
Figure 8b. Corrected estimates for semi-custom and custom

specific circuits (Financial Times, September 1,
1987).



requirements to the chip layout and to the placement of
algorithms and transistors. This approach makes the design and
manufacturing more rapid and cheaper. Ve can call this approach,
as opposed to the custom—specific design, a modular design
approach (see Fey et al., 1987; Guterl, 1984; Kates, 1987,

The advantages of the semi or customspecific design are
apparent for specific demands for high reliability, small size or
small final implementation space, high speed and high efficiency
or for special types of signal processing. All of these are
mostly features, which are typical of many industrial
applications. Thus we can expect that custom design technologies
will in the future be used in motion control, measurements,
signal processing and interfacing. The benefits are increased
accuracy, higher speed of tooling or motion and possibly new
kinds of sensors, transmitters and actuators.

The advanced special technologies: GaAs, superconductivity and
optoelectronics

As stated above, our future will be a silicon future at
least in the time span of the next 10-15 years. The reasons for
this development are explained in somewhat more detail in the
following.

A usual candidate for the substitution of silicon has been
gallium arsenide, which is again a strong candidate for this
substitution. GaAs technologies have, of course, some advantages.
The most important of them is the small gate delay, which makes
the operating speed faster than that of silicon technologies.
Koreover, the power consumption can, depending on the design, be
lower than for silicon technologiles.

However, 1f a specific function is implemented by means of
GaAs, the cheapest realization will be at least by a factor of
190-20 more expensive than the silicon counterpart. In this case
usually only the processing speed is improved, but the power
consumption may be even worse than that of the silicon
technologies. If both the power consumption and the speed are
likely to be improved, then the cost difference will be even
higher as compared to the silicon technologies (see Nilutinovic,
1986; Frensley, 1987).

It can be forecasted that this basic situation will not
change in the near future. This 1is partly due to the physical
properties of GaAs (crystal structure and discolations) and it is
partly due to a more difficult and complicated manufacturing
process. Therefore it is a common way of thinking that the reject
rate in GaAs processes will always be higher than in silicon
technologies. As a result of these factors and the more expensive
and rare raw material, GaAs chips will never reach the price
level of silicon chips. Thus the cost-performance ratio will
still be better for the silicon chipse and there will be no rapid
changes in this respect -- the development is more likely to be
vice versa due to the rapid development of CNOS technologies.
Thus we can conclude that there will be no general substitution
of silicon technologies by the GaAs technologles (see
Milutinovic, 1986; EKelson, 198%5).
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However, those kinds of signal processing tasks, in which
the price 1s not a critical factor, are more likely to be the
basic application areas of GaAs-technologies. Moreover, the
insensitivity of GaAs to electromagnetic disturbances in
combination with speed and power consumption make the most likely
applications still in space and aerospace technology.
Optoelectronics is also a new and growing area for GaAs-
technologies. But there are no reasons for its rapid diffusion
into manufacturing automation.

Superconductivity is, of caourse, due to the recent
achievements 1n this field, another typical issue. There have,
however, been too optimistic overtones. There is still a long way
to go before practical applications. As many specilalists have
noted, high temperature alone does not open the way for practical
application; the critical issues are the current density, which
is not yet high enough for practical applications, the
requirement of exceedingly high magnetic fields and the
sustainability of the superconducting stage. Thus it is most
likely that superconductivity will not play an important role in
manufacturing automation in the near future.

The wide spectrum of the optical technologies has also
presented candidates for various kinds of innovations 1in
manufacturing automation. In practice there exists some
potential, and expert panels are quite optimistic regarding the
future of optical technologies (see Batchman et al., 1987;
Giallorenzi, 1986).

In manufacturing automation the main application areas are
comrunication, mass storage and sensing devices. From the
technical point of view communication teckhnologles are already in
existence and there is a slow substitution process for the
conventional systems. The starting point bhas been a point-to-
point type of communication in mass transfer of data and signals.
The local area network applications and industrial applications
have so far been few. These applications are mainly used in those
areas where there is a high risk of electromagnetic disturbances.
This situation is primarily due to the high prices of
connections, junctions and interfacing devices. An optical LAN is
still on the order of ten times more expensive than its
conventional counterpart.

However, 1t is reasonable to expect a slow cost decline of
interfacing and connections. This means that optical
communication can compete with the conventional communication
systems when high speed, high capacity or very high reliability
are needed.

The other possible application area is the field of sensing
devices. This could be one approach to get reliable feedbacks,
e.g. from the tooling process (Giallorenzi, 1986). There are no
practical ways to make any concrete forecasts in this respect.
However, the robotized arch welding is one example of that kind
of development, where combined laser, optical sensors and fibers
are applied together with image processing to the seam tracking
problem.
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The third and probably the most important issue of optics is
lagser cutting and tooling. [f this technology will actually be
commercially available, we can expect the whole range of
manufacturing to change, and even the machine tool industry will
then look completely different. However, for the time being there
are no reasons to expect a rapid diffusion of laser tooling, but
it can be this kind of qualitative change which causes
discontinuity.

3.2 Computers, Software and Communication

Basic processors

In the beginning of Chapter 3 some general trends have
already been presented. It is reasonable to believe that those
main trends will actually occur. From the viewpoint of
manufacturing automation the most interesting technologiles are
embedded systems, minicomputers and software engineering.

The efficiency of processing can not only be influenced by
the basic component technologies, but it is alsoc influenced by
systems design and architectures (see Torrero, 1983; Fitzgerald
et al., 1987). So far the systems have been classified according
to price and efficiency (NIPS -- million instructions per
second), as shown in Figure 9. But the most important
differentiating or classifying principle is the semiconductor
technology used to build up the system. This is also indicated
in Figure 9 (see Gupta et al., 1984>.

Conventionally the low price-level systems have been
realized by the MOS-technologies. The low price has necessitated
high component density to avoid expensive boards and mechanical
connections. Therefore low power consumption has also been
required. On the other hand, the high price-level systems are
based, due to the required efficiency and MIPS-power, on the low
gate-delay technologies, such as ECC and TTL and other bipolar
technologies. Therefore, due to the higher power consumptionm,
the component density has been lower and the functions are mainly
integrated on the board level -- which makes the systems more
expensive. Many functional properties of different categories
(e.g. micros and minis) as such can be the same, like the word-
length or the capacity of the main memory; the efficiency is
gained mainly through different tramsistor technologiles.

The essential event taking place at present is the
development of the CMOS-technology to have a low gate delay in
addition to a low power consumption. Therefore it is reasonable
to expect CMOS-technologies to be the main transistor technology
over the wide range of the individual categories. This means
that the categories will be overlapping and the boundaries will
still be reduced. On the other hand, it is likely that
completely new kinds of special systems will appear among the
classical systems categories (such as minisuper systems, signal
processors, graphic processors, etc.). Therefore 1t is also
likely that the future systems will be rather classified
according to the purpose of use and not necessarily anymore
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according to prices and MIPS. Figure 10 presents the dynamics of
the change (see Bond, 1986; MNartin, 1987; Pickar et al., 1986;
Jurgen, 1988; Electronic Design, 1988).

The work stations and basic minis have their main impact on
the design end of the CIM.

The special architectures and signal processors and the
embedded systems in general affect mainly the machine level.

Special architectures and signal processing

The special architectures such as co-processing, reduced
instruction sets (RISC), and task or application-oriented
architectures, like graphic and signal processors can double or
triple the performance of the normal systems. This is due to the
optimization of the instruction set and the architecture for a
specific task, so that unnecessary overheads can be avoided.
Applying task-specific architectures for embedded systems and
work stations, they easily reach the efficiency of minis, and
this at a more moderate price. Especially signal processors,
graphic processors and co-processor architectures can be valuable
for machine automation. Moreover, it is reasonable to expect a
declining price trend of specific architectures, which will mean
a lower economic break-even point for many applications (see
Rauch, 1987; Mitra et al., 1987; Wiley, 1987; Electronic Design,
1987). An extensive survey is given by Mitra et al., 1687.

Signal processing in general is usually thought to be that
technology, which gives intelligence to machine automation
applications and which will improve the efficiency of robots and
machines. However, there is a wide range of signal processing
applications; they are not only dependent on the basic hardware
available, but the are also highly dependent on the methods to be
used. Finally, the intelligence or the signal processing
capabilities also have to solve a technological problem and
provide a superior efficiency compared to the ordinary systems,
and, in addition, their price has to be reasonable.

For example, the main obstacles to extensive applications of
image processing and pattern recognition have partly been
methodological and partly hardware issues, which made image
processing rather expensive for standard industrial applications
(see Kent et al., 1986).

Although there are a lot of successful examples of image
processing in practice, it is reasonable to expect a rather slow
diffusion of these technologies for manufacturing automation
applications. In any case, image processing will not have a
large-scale impact on the diffusion rate of CIN technologies in
the near future.

This is basically due to the following methodological
problems: in order to be efficient each application has to use
specific recognition methods customized to that application.
Therefore visual seam tracking, accurate positioning of a robot
arm by a visual system, recognition of discrete parts —- they all
use different methods for image processing. Also the hardware
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architecture of systems differs according to the used method and
applications. In some cases there is a need for special-purpose
processors and custom-specific circuits because of the required
XIPS-efficiency, and on the other hand some applications can be
based on ordinary processors. Therefore image processing will be
a relatively expensive technology, because there are no standard
commercial solutions available for every specific problem. And
such generic solutions will not appear in the near future.

Therefore it is usually difficult to economically justify an
image processing system. E.g., the visual seam tracking system
for robotized arch welding has already been available for some
years. It has a good technological performance and in some cases
the quality improvement of welds can be remarkable. However,
there has been a very slow diffusion and only few commercial
applications, because in many welding applications there is no
real need for a visual system and the system cannot be
economically justified.

Anyway, there might be a slow diffusion of visual systems
into manufacturing automation -- the benefits will be seen in the
form of increased accuracy and increased tooling speed.

Apart from image processing, the other important, and even
more important application area is diagnostic and measurement
processing. These tasks can be realized by an embedded system
and usually there is a need for signal processing and special
architectures. Basically these systems can be pattern
recognition systems of acoustic signals or other kinds of
statistical (stochastic) analysis of signals. The results are
again a more reliable operation of machines and a higher speed of
tooling.

Still, there is a third application area for special
architectures. That 1is graphics processing and utilization of
graphic processors in work stations. They might be an
improvement in the processing capabilities and also in the man-
machine interface. These might, again, result in more cost-
effective CAD/CAM systems and also improve the performance of
those systems.

Software engineering, communication

Software engineering plays a critical role in manufacturing
automation. Software is based on all levels of automation,
starting from the machines up to the integration of different
subsystems. It is an important cost factor, and it is also an
important reliability and availability factor. Many previously
described signal processing tasks are completely based on the
software methods and algorithms. In manufacturing automation we
will therefore experience all problems known from software
engineering (see Hecht et al., 1986; Schatzberg, 1986; Boehn,
1987>.

There are two main trends in software engineering which
might have an impact on manufacturing. The first is high-level,
problemoriented languages, and the second is logic programming
(Al-techniques). Both techniques can facilitate NC programming,
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robotics programming, and systems integration. A definition and
requirement specification aid system will make the design of
systems easier and may reduce the application barriers. But
software is still a critical issue for the integration and
diffusion of CIM (see Welisbin, 1987; Kusiak, 1987).

Communication systeme are necessary for the integration of
systems. As such there are no technological problems. Problems
are rather related to the huge amount of customized software
needed to integrate systems to communicate. The critical issue,
therefore, is the problem of commonly accepted communication
standards. If the development of MAP, e.g., will succeed, it
will have strong cost impacts and it will certainly speed up the
diffusion. :

4. CIMN TECHNOLOGIES
4.1 NC-machines and Machine Automation

¥C-machines are key components of FMS and CIN for part
manufacturing of metal and wood products. The NC-business has
many indications of a mature industry (Horn et al., 1985; EEC,
1985): standard products, cost competition and new market
balance, in which the winners seem to be efficient producers

(with respect to costs and product quality). There has been a
considerable change in market balance during the last ten years
(Department ..., 1984; Automation Forum, 1987).

Behind these changes there have also been technological
factors. Maybe the two important factors are the incorporation
of electronics and improved cost efficiency as well as the
development of new types of compact machines for small batch
production.

Electronics and software engineering can be applied on many
levels (see Figure 11). Usually the control of axis motion and
the basic tooling process are now based on electronically
controlled servo systems. MNost advanced systems already utilize
custom design circuits. The direct measurement of the tooling
praocess has so far been a difficult task. The control is
basically an open control or based on indirect measurement, such
as power, torque, or stress. For diagnostic purposes advanced
signal processing, like acoustic noise analysis, or other
stochastic analyses, can be utilized. The impact of electronics
has been an increased efficiency without any major cost increase
~— or an improved cost-performance ratio (see also VWright, 1988)>.

The NC-controllers are nowadays usually realized by
programmable controls or by a free programmable microprocessor
system. So far it has been a common habit to obtain the basic
machine and NC-control from separate sources. In this case a
separate interface is needed to connect the NC controls and the
servos. However, the trend is toward more integrated systems
and, again, an improved cost-performance ratio. It is reasonable
to expect that new software engineering tools and the foreseen
development of processors will furthermore improve the cost-
performance ratio.
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There are many special tools and high-level languages to
produce basic NC-programs. However, usually a separate micro- or
minicomputer system is used for this purpose. Then a separate
compiling system (post-processor) is needed to interface the
programming system and the NC-controller. The recent trends
indicate, however, that integrated systems will be increasingly
available, which consist of the programming environment, NC-
controls and all required interfaces. [t is reasonable to expect
this trend to become even stronger because of the advances of
processing devices, particularly of special processors and work
stations. This again will improve the cost-performance ratio and
might also provide tools to facilitate flexibility <(e.g. to
produce new part programs).

All these changes have caused the NC-machines to become more
diversified and markets to become segmented, according to
capacity and basic tooling functions. Therefore there are also
compact systems available for small batch production.

However, at the same time there are other interesting trends
and signs: incorporation of electronics, software functions and
the flexibility of production processes open a_new potential for
special-purpose machines, which, with their high performance,
satisfy the needs of a special application. After many years
there is now a growing class of small manufacturers who have
built up a competitive power based on special segments and
customized machines. Moreover, we can expect that the previously
described trends in software engineering will facilitate the
customizing process and open new possibilities for product
development.

In any case, the big problem still is to integrate basic
tooling functions, turning, drilling and milling, into a
universal machining center. There are weak signals of a slow
progress in this respect. Some machining centers can already do
elementary turning functions or have a horizontal axis, and,
similarly, some turning centers have a vertical axis to make
drilling operations. Electronic and software development will
yield completely new prospects in this respect -- it might help
to create real flexibility in a cost—efficient manner.

On the systems level important aspects of NC-machines are:
new measurement technologies, fixtures and pallets, tool and work
piece changers. The development in all these aspects means an
increasing level of flexibility and increasing performance
measures of FM-systems. However, these mechanical auxiliary
devices may be the key technological obstacles to creating
operational flexibility and they will remain to be key cost
factors. There are no rapid changes foreseen in this area (see
Feldmann, 1985; Pfeifer et al., 1985).

It may be repeated that the machine level provides the basic
framework for flexibility. Software functions can not help to
provide any extra flexibility, if the machines are bhard and
expensive to change. Figure 12 shows some results of the Delphi
studies of OTA (OTA, 1984>. They are still quite relevant and



Current (1984) | 198586 1987-90 1991-2000 | 2001 and beyond

Hardware:

1. Systems which can automatically and
reliably remove a wide variety of metal
chips produced in cutting®.............. a om

Both hardware and software:

2. Reliable, widely applicable adaptive
control to optimize speed of metal

removal ... e i a P ]
3. Tool wear sensors applicable to wide
range of cuttingtools .................. a . a

4. Systems for measurement of parts of a
variety of shapes and sizes while the

parts are being machined ............... a . L
Software:
5. Controllers to accommodate ties to robots a . [ ]
6. Model-based machining in which the

machine tool operates substantially

automatically based on data about

metal processes and the part to be

produced ....... i a . ]
7. Widely applicable 3-D veritication of NC

programs using CAD-based simulations .. a ° [
8 exist for removal of metal chips, but despite much Intarest and research, they are neither very rellatie nor generically applicable (i.e.,

Y
they can only be used for certain kinds of matals or cutting processes).

A= solution in laboratories.

®~ first commaercial spplicalions.

= solution widely and easiy avallable (requiring minknal custom engl g for each

Figure 12. NC machine tools: vrojections for solution of
key oroblems (OTA, 1984).
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glve reasonable forecasts. Also other estimates seem to be quite
analogous (see Vright, 1988; Department ..., 1984; Horn, 1985).

In terms of general trends we can conclude:

- there will be a slow trend towards universal machining
centers or multipurpose CNC-machines capable of parallel
tooling and of several standard tooling functions;

- special-purpose, multi-functional machines will become cost
effective, providing an efficiency increase in the areas
where one special machine can replace many standard, single-
purpose machines;

- incorporating electronics and software engineering with the
mechanical design will bring flexible and general-purpose
fixtures into commercial use in a ten-year perspective,
increasing the machine flexibility and decreasing the costs
of flexibllity;

- new programming environments and methods make it easier to
implement new NC-programs and improve the cost-efficiency
ratio of NC-machines;

- all these trends mean that the efficiency and flexibility of
the basic machinery will increase without a considerable
cost increase.

One radical innovation which could change the whole picture
is laser processing. [f the technical reliability of lasers
increases, they could become an effective means of increasing
flexibility (milling, drilling and turning by the same tool; no
tool maintenance and drift; flexibility of software;
applicability to different materials). This could be a real
qualitative change from the viewpoints of both, production and
the NC-machine business. In general we can claim that optics
could, in a wide sense, be the technology which necessitates a
new technological form in material processing and possibly also
information processing.

4.2 Robotics

Robot manufacturing shows some of the same tendencies as the
NC-machine industry: there are indications of a mature industry.
The so-called standard robots are an area in which competition is
highly cost-oriented. There have been considerable changes in
the market balance: many companies have given up and there are
only a few strong manufacturers left. At the same time new
possibilities and potentials have been created in specialized
robotics for very narrow applications by adding specific
technical properties (speed, accuracy, interfaces, signal
processing, image processing) with the help of electronics and
software engineering. Specialized robots have also opened
possibilities for small manufacturers.

Robotics is also analogous to machine automation with
control hierarchy. Figure 11 is valid only with appropriate
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terminological changes. Basically all that has been said
regarding the control technology is also valid (see, e.g.,
Knasel, 1987; Wright et al., 1988).

The effects of robots seem to have two major trends. First,
there are many stand-alone applications of standard robats, such
as point and arch welding, painting and other surface finishing
tasks, etc. The diffusion of robots seems to depend mainly on
the costs of standard robots compared to replaced labor (Tani,
1587a,b,c; Mori, 1987). Since thelr costs are decreasing and
their efficiency 1s increasing, we can expect a steady diffusion
of the standard applications. The second main application trend
is the use of robots as a part of manufacturing systems (FMU,
FMS, FNMC assembly systems, etc.). The technical features and the
performance of robots are essential for these applications. The
capabilities of the robots can have a considerable influence on
the flexibility and the techno-economic performance measures of
FMU, FMS and FNC and also of assembly cells and systems. In
particular reliability, accuracy, speed, flexible grippers and
intelligent interfaces (tactile sensors, vision, other signal
processing) play an important role. HNew achievements in these
areas always mean new possibilities on the systems level and also
increase the flexibility.

The advancement of sensors and grippers is especially
critical for assembly systems. The flexibility of robots is
critical both with respect to technological performance and cost
efficiency of the systems. The second critical factor is speed
and accuracy, which present slightly conflicting goals. On the
systems level 1t is no longer the simple labor replacement, which
matters, but there are more complicated performance requirements.
However, 1t can be expected that the development will be rather
slow and real generic and flexible grippers and reliable and
cheap tactile sensors will be commercially available only after
1995 (see also Dario et al., 1985) at a reasonable price (10% of
the robot price). The image processing problems were already
shortly reviewed above; they show the same tendencies as tactile
sensors and grippers. Again, the OTA forecasts seem to be
relevant (see Figure 13) and in agreement with other forecasts
(see Vright, 1988).

It has been commonly thought that the so-called intelligent
robats will gradually substitute for the standard robots, such as
playback and fixed-sequence robots. Basically this is not true.
The intelligent robots are more likely to expand robot
applications to completely new fields and create new markets.

But because this process has been slower than commonly forecasted
-~ due to technological and economic reasons -— there were too
many optimistic expectations for the market growth. This is one
of the origins of the problems of robot manufacturers. The
substitution process is more likely to happen between different
generations of playback and fixed-sequence robots, because their
cost-performance ratio has also improved and will improve even
further. This presents basically the same fact as stated above
concerning stand-alone robots. From the economic and technical
point of view there are no reasons to buy an expensive visual
system or flexlible grippers, 1f a simple fixed sequence robot
with simple grippers can perform the task reliably enough, and
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Current (1984) | 1985-86

1987-90

1991-2000

2001 and beyond

Hardware:
1.Lightweight, composite structures and
new forms of drive mechanisms .........

Both hardware and software:
2.FOrCe SeNSOIS . ....vvvvevrenrreennnnnns
3.Versatile touch sensors .........
4.Coordinated multiple arms ....... ..
5.Flexible, versatile grippers ..............

Software:
6.Precise path planning, simulation and
control with CAD ........coovvnniitn
7.3-D vision in structured environments
which have been planned to simplify the
visiontask .........ciiiiiiiiiiii
8.3-D vision in unstructured complex
environments which have not been
planned to simplify the vision task.......
9.Robust mobility In unstructured
environments ............... ...
10.Standards clarifying different versions
of robot languages, and helping ensure
a common language for similar
applications.............. Vs

a0

A S

»eoo BN

A= solution in laboratories.
o= first commercial applicstions.
8= solution widely and sasily svailable {requiring minimal custom

Figure 13. Robotics: projections for solution of key problems

(OTA, 1984).
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vice versa, there are tasks, which simple robots can not perform.
There has been a lot of misbelief in this respect. As a product
robots are diversified and markets are segmented.

The following trends might materialize in a ten-year
perspective:

- grippers will no longer be technical and economic obstacles
in assembly systems and because of the increased speed and
accuracy of robots the general efficiency of assembly
systems will be improved;

- robots will no longer be a practical limitation in tooling
systems;

- a completely new set of applications, such as mobile robots,
will be availlable.

4.3 Special Machines

In manufacturing areas such as the clothing industry,
electronics and also the metal product industry (e.g. assembly
tasks), there are many special machines. They are mainly
dominated by the traditional producers. However, signs of
diversification are clear. Especially in the clothing sector new
possibilities are created by electronics, software engineering
and robotics. New entries have occurred and will continue to
occur -- the production technology will experience radical
changes in the near future.

4.4 Integration Technologies

Software engineering or software systems play a key role in
system integration. This has many performance consequences; in
particular it has a strong impact on the reliability and
availability of a system. On the other hand, the software
systems can also improve the flexibility (see Savolainen, 1987;
Boehm, 1987).

On the software side standards will play an important role.
Today, customizing and integration of the systems are carriea out
with the help of software. Each system requires, in principle,
basic software and communication software modules which must be
developed separately for each system. This 1s nowadays a
significant cost factor and is, in fact, alsoc a major entry
barrier for newcomers to the system integration business (FMS and
CIN systems). It also increases the costs of the specific
applications (see also Horn et al., 1985), and customizing is
also a major source of software errors. The standard modules,
both for communication and basic functions, which could be used
in many applications, can considerably decrease the development
costs of a system.

In general it is difficult to identify a life cycle model
for software products. But we can say that the standardization
of the basic software modules corresponds to the maturity stage
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of the product life cycle. Standardization usually means a cost
decrease and thus opens passibilities for newcomers and
specialized systems.

Thus, if e.g. the MAP development is to succeed, we can
expect that in addition to the standardization it will gpen
possibilities or potentials for cost-effective means to realize
specialized systems architectures, or in other words, to increase
the flexibility in the systems development process itself (as
will usually happen at the mature stage). This means that:

- the economic barriers for new entries will decrease;

- the special-purpose systems or the subsystems can be
economically realized, which means the creation of new
business segments and increased diversification of the
system products;

- the technology-oriented, specialized subsystems or systems
(signal processing, image processing) can be economically
realized as a part of the standard system; this again means
new growing market segments;

- in a longer perspective all these trends reflect on the
applications of FMS: economic barriers will slowly
decrease, application areas will extend and the concept of
flexibility will broaden with respect to part families
(shapes and sizes).

The basic elements of the integration are manufacturing
systems, such as FMC and FMS. As already indicated above,
software can not help very much on the FMS level. The
flexibility as well as the cost-performance ratio depend alsc on
the fixtures and tool changers, apart from the software. Again,
the OTA forecasts (Figure 14> are still relevant. However, the
advancement of the factory level is completely dependent on
software and communication issues. Even more critical is the
software for the integration of CAD/CAM with the manufacturing
level. There 1is still a long way to go for a complete
integration, as Figures 15 and 16 show.

An optimistic forecast could be the followlng for the ten-
year perspective:

- there exists a common standard for the systems architecture
(communication, interfacing, etc.) which makes it possible
to develop modular type automation systems for manufacturing
(FMS) control;

- this modular approach makes it possible to decrease software
costs of manufacturing systems, to extend systems, it makes
it easier to develop systems and decreases the risk of
software errors and software quality;

- design databases are integrated into manufacturing systems
and the first, low-cost commercial transformation programs
are available to generate NC-programs from the design
databases;
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Current (1984) 1985-86 1987-90 1991-2000 | 2001 and beyond
Hardware:
1. Generic fixtures for holding a variety of
WOrk-in-process Pans .................. a onm
8oth hardware and softwars:
2. FMS fort
a) cylindrical parts production ........ ae® ]
b) sheet metal parts production....... ae® [ ]
¢) 3-D mechanical assembly .......... a N
d) electronics assembly.............. ae [ ]
3. Materials handling systems which can
handle a variety of parts in any sequence
NECESSATY ... .. ..uiieiinaiinrianinnnn. ae L]
Software:
4. Automatic diagnosis of breakdowns
inthe FMS. . ... a . [ ]
5. Standardization of software
interfaces between computerized
devices inan FMS .............. e a . a

SAImost alt FMS currently rynning are used to machine priamatic pans, (e.0., onqma bloclu) whlch are thosa whosa outsr shape consists primarily of Hal surfaces.
The projections in this antry reter to FMS tor quite a) parts, Such as rotors and driveshafts (o “pasrts of rotation,™
in machining jargon, since they are generally made on lathes); b) stamping and bending o! shoet melal parts, such as car body panels; c) sssambly (as opposed 1o
1 of pans) of th Such as Molors; and d) assembly of slectronic devices, such a3 circuit boards. While machines currently
exist for insertion of i¢ pacts Into circult boards, an ics FMS would g the Gevices with and testing

A= soiution in lsboratories.

@~ first commarcial sppiications.
= solution widely and sasily aveilable (requiring minimal custom angineering lor sach applic ation).

FMS: projections for solution of key problems (OTA,

Figure 14.
1984).
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Current (1984) | 1985-86 1987-90 1991-2000 | 2001 and beyond

Software:

1. Well-understood, widely applicable
techniques for scheduling and logistics
of complex materials handling systems
that would allow fuil factory integration .. a . ]

2. Standard communication systems
{networks) ....... e e a . s

3. Standardization of interfaces between
wide range of computerized devices
in an integrated factory. ................ a L] [

4. Data base management systems which
could sort, maintain and update all data
inatactory ..........ociviiiiiiiiien, ae

5. Computerized factories which could
run on a day-to-day basis with only a
few humans in management, design
functions ......... ... 0o i,

4 = solution In laboratories.
®= first commercial applications.
@ = solution widely and easily avatlabie (requirnng minimal custom engi lor each

Figure 15. CIM: nrojections for solution of key problems
(OTA, 1984).
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Current (1984) | 198566 1987-90 1991-2000 | 2001 and beyond

Hardware:
1. High-resotution, color display of designs,
with rapid generation of images® ........ a . [ |

8oth hardware and software:
2. Low-cost, powerful microcomputer-based
workstations for:®
a) electronics design ..
b) mechanical design ..
3. Independent CAD workstations linked
by network, with access to super-
computer for powerful analysis and
simulation ....... ... oo, a . »

Software:
4. Three-dimensional solid modeling
systems, resuiting in:®
a) more realistic images ............. ae [
b) enhanced ability to connect with
manutacturing equipment .......... a . [}
5. Comprehensive, powerful computer-aided
engineering systems? for mechanical
design . ... a
6. Extensive design/manufacturing
integration® ................ ... .. ..... a
L

&amile color displaya are currently available, they tend to ice sither ion {the and clarity of the picturs) or the apeed with which the (mages can
appesr on the acreen. New technigues for displays, such as the usa of i chips termed “sliicon engines’™) to generate mages,
prwm‘u to improws this situation.

based i for CAD are now being but In the judg! of sxperts by OTA, ihey are either nat powertul snough
and/oe not inexpensive enough to be useful in a wide veristy of applications.

SCAD expaerts report that many sy for 3-O solid g are now, but they are not being used because of their large appetita for computer power, snd
because their capacity to link daesign data to Is Part (b) of this entry refers to this ablilty ta store and manipuiste design data
about the physical characteristics of a past In such a way Ind it can be to 9 with orly minimal intermediste stepa.

AYhis antry rafers 1o modules powertul enough to sllow testing, and of designa in a wide range of applications. Such systems
are strongly product-dependent; while they may be near for ceriain now (e.g.. circuits, certain portions of alrcraft and motor vehicles),
they sre much lass advanced in other industries and appliications.

This entry denotes the "window from qun to producnon which would, for allow to the of design choices.
These include the costs and a6 well as the history of manufactuning simiter items at the plant. Such comprehensive conneclions
would allow much more substential lnlogulloﬂ of CAD, CAM, and computer-based management.

A« golyution In mborstores.

e~ first commercial applications.

@- solution widely and essily svailable {requiring minimal custom g for sach

Figure 16. CAD: projections for solution of key problems (OTA,
1984} .
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= Figure 17 presents this situation.

On the manufacturing level mechanical integration is also
critical. Transportation and storage systems are significant
cost factors and they are, together with related interfaces,
important performance factors, too. Fow the changes of the
systems architecture tend to cause discontinuities in the cost-
performance ratioc. [f a modular type system, which 1is easy to
expand as system requirements change, will be commercially
available, it might have a great impact on the systems level.

Now many systems are on based compact-type, standard
architectures -- especially at the low cost end of applications -
- which are difficult to change and to expand. This is a special
risk factor of investments.

5. CONCLUSIONS

The growth of flexible manufacturing systems applications
has been quite rapid and it is estimated to have reached about
500-60¢ applications by now. The simple estimate (the annual
growth rate of 40% will continue) gives about 1800-2000 systems
for the year 2000.

Another way of estimation can be put forward as follows; it
is based on the shares of CNC total investment of all machine
tool investments and the share of CNC's implemented in systems
(the figures are valid for the Vestern industrialized countries;
there are a lot of differences between individual countries).

1985 1990 2000
CNC: % of all machine tool 40 50 70
investments (new + replacement)
CEC implemented as a part of 50 70 80

systems, % of all CNC investments

Taking into account Tchijov et al. (1988b), the age
distribution of BRC-machinery and the average replacement time, we
can conclude that around 2005-2010 the strategic part and the
main share of the production of manufacturing industries is
produced by FNS- or FMC-type systems.

However, there are a lot of barriers to diffusion.

- Technological barriers influence the basic performance and
efficlency of a system and therefore they are also important
economic factors defining the cost-performance ratio of
systens.

- Organizational barriers are related to training, work
content, and task division of the user organization. They
define the availability of systems and thus influence the
li1fe-cycle costs of the systems and can be a critical factor
behind the profitability of the systems.
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Investment
costs per
machining unit (MU} |
NOW
NOW | / Complex systems with
Compact systems | communication and
1 M$ T with a simple | database systems
control system ]
|
| now
~
N~ | Technological
\\“~.“ I imits
VA
—
Future costs of modular\l T e
systems structure :
!
|
|
|
—t——————————+—— >
1 2 3 4 5 6 7 8 9
Total investments {M$)
Figure 17. Effect of decreasing software costs, standards and

systems modularity, see also chapter 2.3 for
explanation.
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- Managerial and design aspects define how the systems are
implemented and which goals are the driving forces of the
design, and how technological aspects and social aspects are
integrated during design. They solve a lot of economic
problems ~-- or can create even new problems, if the impact
assessment is not good enough.

The technology analyses show that even the technological
issues are not simple or straightforward. FMS-technologies, and
even more so CIM-technologies, are not mature and there exist
many alternative ways to go.

The above figures correspond to quite a rapid growth rate.
However, it is a precondition for the above growth that there
will be a remarkable technological development and achievements
in all the key areas of CINM technologies. This development has
to have an impact on cost factors, efficiency and performance
factors of different building blocks of CIM technologies. Both
on the machine and system levels, electronics and information
technologies will still be key technological elements of
development. It is reasonable to expect that in the ten-year
perspective flexible grippers, speed and accuracy of robots will
no longer be obstacles to assembly systems, there will be
software and communication standards to help integrate basic
building blocks, there will be modular systems control and
interfacing systems, which make step by step development
possible, relative software costs will decrease and the systems
development will be easier. All this trends mean a gradual
improvement of the efficiency (performance) - cost ratio in ternms
of speed, capacity, accuracy, complexity and flexibility of
systemns.

If these technological trends become reality to their full
extent, new systems architectures will be realized, opening
completely new possibilities to small and mediumscale
industries. Therefore the growth of new applications will be
even more rapid thanm illustrated above.



-174-

REFERENCES

Automation Forum (1987): US industrial automation - a view to the
future. Automation Forum, March 1987, Washington, D.C.

Batchman, T.E., Parrish, E.A., eds. (1987): Integrated optical
computing - a special issue. Computer, 20, 12, pp. 7-81.

Bell, C.G. (1986): A surge for solid state. IEEE Spectrum, 23, 4,
PP 71-74.

Boehm, B.W. (1987): Improving software productivity. Caomputer,
20, 9, pp. 43-57.

Bond, J. (1986): 32-bit micros advance art of memory management.
Computer Design, October 15, 1986, pp. 21-30.

Brdner, P. (1985): Skill-based production - the superior concept
to the factory. Proc. Int. Conf. on Factory of Future,
Fraunhofer Gesellschaft, Stuttgart 1985, 6 pp.

Bullinger, H.-J., Warmecke, H.J., Lentes, H.-P. (1985): Toward
the factory of the future. Proc. Int. Conf. on Factory of
Future, Fraunhofer Gesellschaft, Stuttgart, 1985, pp. XXIX-
LIV.

Bursky, D. (1983): New process, device structures point to
million~transistor IC. Electronic Design, June 9, 1983, pp.
87-96.

Chow, S., Simonsen, C. (1987): Chip voltage: why less is better.
IEEE Spectrum, 24, pp. 39-43.

Dario, P., De Rossi, D. (1985): Tactile sensor developments. IEEE
Spectrum, 22, 8, pp. 46-52.

Department of Commerce (1984): A competitive assessment of the
U.S. manufactuirng automation equipment industries. US
Department of Commerce, June 1984, VWashington D.C.

EEC (1985): Advanced manufacturing equipment situation and
outlook. Commission of the European communities, COM (85)
112 final. Brussels 1985, 12 + 25 pp., IV Appendixes.

Electronic Design, D. Bursky, ed. (1988): 1988 Technology
forecast: CAE accelerates design as performance bounds
vanish. Electronic Design, January 7, pp. 66-151.

Firber, G. (1986): Entwicklungstrends der Mikroelektronik und
Informationstechnik. Automatisierungstechnische Praxis, 28,

9, pp. 411-422.

Feldmann, K. (1985): Entwicklungslinien der
Fertigungsautomatisierung. Automatisierungtechnische Praxis,
2_71 8! PP 358-363.



-175-~

Fey, C.F., Daraskevopoulos, D.E. (1987): A techno-economic
assessment of application-specific integrated circuits:
current status and future trends. Proc. IEEBE, 75, 6, pp.
829-841.

Financial Times (1987): ASIC grows fast. September 1, 1987.

Fitzgerald, K., Vallich, P. (1987): Next-generation race bogs
down. IEEE Spectrum, 24, 6, pp. 28-33.

Frensley, W.R. (1987): Gallium arsenide transistors. Scientific
American, 257, 2, pp. 69-75.

Giallorenzi, T.G., Bucaro, J.A., Dandridge, A. (1986): Optical
fiber sensors challenge the competition. IEEE Spectrum, 23,
9, pp. 44-49.

Goldhar, J.D., Jelinek, M. (1983): Plans for economies of scope.
Harward Business Review, November-December 1983, pp. 141-
148.

Goldhar, J.D., Jelinek, M. (1985): Computer integrated flexible
manufacturing: Organisational, economic and strategic
implications. Interfaces, 15, 3, pp. 94-105.

Gupta, D., Toong, H.-M.D. (1984): The special issue on personal
computers. Proc. IEEE, 72, 3, pp. 243-389.

Guterl, F., ed. (1984): In pursuit of the one-month chip. IEEE
Spectrum, 21, 9, pp. 28-49.

Hecht, H., Hecht, M. (1986): Software reliability in the system
context. IEEE Trans. Softw. Engn., SE-12, 1, pp. 51-59.

Horn, E.-J., Klodt, H., Saunders, C. (1985): Advanced machine
tools, production, diffusion and trade. In: Sharp, M., ed.:
Europe and the new technologies, Francis Pinter, London.

Immonen, P. (1983): Development trends of electronic components.
S¥hkd, 56, 10, pp. 10-15 (in Finnish).

Jaikumar, R. (1986): Postindustrial manufacturing. Harward
Business Review, November/December 1986, pp. 69-79.

Jurgen, R.K., ed. (1988): Special issue on technology °’'88. IEEE
Spectrum, 25, 1, pp.26-72.

Kates, G. (1987): Standard-cell libraries grow in complexity.
Computer Design, January 1, 1987, pp. 3@-33.

Kent, E.V., Schneier, M.0. (1986): Eyes for automation. IEEE
Spectrum, 23, 3, pp. 37-45.

Knasel, T.M., ed. (1987): Control of automation - a special
double issue. Robotics, 3, 3-4, pp. 281-431.

Kusiak, A., ed. (1987): Artificial intelligence - implicatioms
for CIM. IFS-publications, Springer, London, 1988.



-176-

Nartin, T., Ulich, E., WVarnecke, H.J. (1987)>: Appropriate
automation for flexible manufacturing. 10th IFAC Vorld
Congress, Munich, 27.-31.8.1987, Vol. 5, pp. 291-305.

Martin, K. (1987)>: Microprocessor experts tactile benchmarking,
support and architectural issues in open debate. Computer
Design, January 1, pp. 21-29.

Meredith, J.R. (1987a): Implementing the automated factory. J. of
Manuf. Systems, 6, 1, pp. 1-13.

Keredith, J.R. (1987b): Managing factory automation projects. J.
of Manuf. Systems, 6, 2, pp. 75-91.

Milutinovic, V., ed. (1986): GaAs microprocessor technology - a
special issue. Computer, 19, 10, pp. 10-81.

Mitra, S.K., Mondal, K., eds. (1987): Hardware and software for
digital signal processing - a speclal issue. Proc. IEEE, 75,
9, p. 1139-1332.

Mori, S. (1987): Social benefits of CIM: labor and capital
augmentation by industrial robots and NC-machine tools in
the Japanese manufacturing industry. IIASA Vorking Paper WP-
87-40.

Narita, S. (1987): The roles of information technology in systems
control. 1@th IFAC Vorld Congress, Munich, 27.-31.8.1987,
Vol. 1, pp. 59-73.

Nelson, R. (1985): Advances in GaAs technology widen design
options. Computer Design, October 15, 1985, pp. 82-85.

OTA (1984): Computerized manufacturing automation: employment,
education and workplace. Office of Technology Assessment,
OTA-CIT-235, April 1984, Vashington, DC.

Pfeifer, T., Held, H.J. (1985): Entwicklungstendenzen zur
Automatisierung der Fertigungsmesstechnik.
Automatisierungstechnische Praxis, 27, 8, pp. 364-370.

Pickar, K.A., Meindl, J.D., eds. (1986>: The special issue on
integrated circuits technologies of the future, 74, 12, pp.
1603-1793.

Ranta, J. Heinonen, R., Palmen, H. (1985): Basic trends 1in
electronic components and its impacts on the Finnish
electronic and electrical industry. The Federation of
Finnish Electronic and Electric Industries and the
Federation of Finnish Metal Industry, Helsinki.

Ranta, J., Alabilan, A. (1988): Interactive analysis of FNS
productivity and flexibility. IIASA (forthcoming).

Ranta, J., Koskinen, K., Ollus, M. (1988): Flexible production
automation and computer integrated manufacturing: Recent
trends in Finland. TES-program, Discussion paper no. 4,



-177-

SITRA, 1988 (Presented at the IIASA Vorkshop on Computer
Integrated Manufacturing - Future Trends and Impacts, Ivalo,
July 1987), also forthcoming I[IASA working paper.

Ranta, J., Wandel, S. (1988): Economies of scope and design of
flexibility in manufacturing logistic systems. Proc. S5th
International Vorking Seminar on Production Economics,
February 22-26, 1988, Igls, Austria.

Rauch, K. (1987)>: Math chips: how they work. IEEE Spectrum, 24,
7, pp. 25-30.

Riezenman, N., ed. (1984)>: The great takeover: CMOS catches NMOS,
prepares to move on. Electronic Design, January 1.

Savolainen, T. (1987): Software technologies in computer
integrated manufacturing. Thesis work for Licentiate of
Technology, Helsinkl University of Technology, Laboratory of
Computer and Information Science.

Schatzberg, D.R. (1986): Tools for C=2 goftware reliability
analysis. IEEE Trans. Sys. Man and Cybernetics, SMC-16, 6,
PpP. 89@¢-900.

Scientific American, A. Peled, ed. (1988): Special issue on the
next computer revolution. Scientific American, 257, 4, pp.
35-161.

Semiconductor International (1987): Is US losing ASIC market
also. Semiconductor International, 10, 9, p. 15.

Shah, R. (1987): Flexible Fertigungssysteme in Eurcpa -
Erfahrungen der Anwender. VDI-Z, 129, 10, pp. 13-21.

Sheinin, R.L., Tchijov, I.A. (1987): Flexible manufacturing
systems - state of the art and development, I1I1ASA Vorking
Paper VP-87-17, 37p.

Talaysum, A.T., Hassan, M.Z., Goldhar, J.0O. (1987): Uncertainty
reduction through flexible manufacturing. [EEE Trans. Eng.
Manag., EM-34, 2, pp. 85-91.

Tani, A. (1987a): Future penetration of advanced industrial
robots in the Japanese manufacturing industry. I1IASA Vorking
Paper WP-87-55.

Tani, A. (1987b): Enterprise size and its impact on penetration
of industrial robots - an application of econometric
analysis. I1IASA Vorking Paper WP-87-108.

Tani, A. (1987c)>: An international comparison of industrial robot
penetration. IIASA Vorking Paper WP-87125.

Tchijov, I. Sheinin, R. (1988a): Flexible manufacturing systems
(FMS) diffusion and advantages. 11ASA Vorking Paper WP-88-
28.



-178~

Tehijov, I., Norov, E. (1988b): Forecasting methods for CIM-
technologies. The Fifth International Vorking Seminar on
Production Economics, February 22-26, 1988, Igls, Austria.

Thompson, B., Beijer, A. (1987): CMOS devices close in on bipolar
logic. Computer Design, January 15, 1987, pp. 73-75.

Torrero, E., ed. (1983): Tomorrow's computers - a special issue
on next generation computers. IEEE Spectrum, 20, 11, pp. 34-
118.

Veisbin, C.R., ed. (1987): Real-time control: a significant test
of Al-technologies - a special issue. IEEE Expert, 2, 4,
pp. 16-90.

WViley, P. (1987): A parallel architecture comes of age at last.
IEEE Sepctrum, 24, 6, pp. 46-50.

Wright, P.K., Bourne, D.A. (1988)>: Manufacturing intelligence.
Addison-Vesley, New York.



-179-

APPEFDIX

RESPONSES TO A SMALL DELPHI-STYLE QUESTIONNAIRE ON THE TECHNOLOGICAL TRENDS

14 EIPERTS FRON 9 COQUNTRIES

QUESTIONNAIRE

1. The following tables from Chapter 4 present the OTA forecasts for key
technologies of CIN. Can you please add your perscnal estimates using
the same categories.
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Before 1987

1987-90

1991-2000

2001 and beyond

Hardware:

1. Systems which can automatically and
reliably remove a wide variety of metal
chips produced in cutting®. . ............

Both hardware and software:
2. Reliable, widely applicable adaptive

control to optimize speed of metal

TOMOVAE .....iitiiiiiiii i al
3. Tool wear sensors applicable to wide

range of cuttingtools .................. al .
4. Systems for measurement of parts of a

variety of shapes and sizes while the

parts are being machined............... a
Software:
S. Controllers to accommodate ties to robots al .
6. Model-based machining in which the

machine tool operates substantially

automatically based on data about

metal processes and the part to be

produced . ... a
7. Widely applicable 3-O verification of NC

programs using CAD-based simulations .. a

1

2

« 3

L exist for removal of meial chips, but despite much interest and resaarch, they are neither vesy reliable nor genericaity applicable (.8,

they can onty ba used for certain kinds of metals or culting processes).
&= 30iution in laboraiories.
®= lirst commercisl spplications.
B= solution widely end easily svailable (requiring minimel custom g tor each

NC machine tools: vrojections for solution of
key oroblems (OTA, 1984) and Delphi results of

IIASA CIM-projects.
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Before 1987

1987-90

1991-2000

2001 and beyond

Hardware:
1.Lightweight, composite structures and
new forms of drive mechanisms ......... a le

Both hardware and soltware:
2.Forcesensors.................. Ceeane ae |
3.Versatile touch sensors ....... e al
4.Coordinated multiple arms s
5.Flexible, versatile grippers

Software:
6.Precise path planning, simulation and
control with CAD ............covneha... a
7.3-0 vision in structured environments
which have been planned to simplify the
ViSION tasK ..\t ie e, se 1
8.3-D vision in unstructured complex
environments which have not been
planned to simplify the vision task.......
9.Robust mobitity in unstructured
environments ..................0......
10.Standards clarifying different versions
of robot languages, and heiping ensure
a common language for similar
applications.............. i o

a2

al

2

A= solution in laboretoriea.
®= first commercial applications.
H= solytion widely snd sesily svailable (requiring minimal custom for each

Robotics: projections for
(OTA, 1984).

solution of key problems
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Before 1987 1987-90 1991-2000 | 2001 and beyond
Hardware:
1. Generic fixtures for holding a variety of
work-in-process pans .................. N 1 e 2 |3
Both hardware and software:
2. FMS for®
&) cylindrical parts production ........ .o 12 g .
b) sheet metal parts production .. ..... ae 12 ; = 3
c) 3-0 mechanical assembly .......... . 1 3 e=®
d) electronics assembly.............. ae 12 .
3. Materials handling systems which can
handle a variety of parts In any sequence
MECESSANY . .ovvvnenernineninneanenens se 1 2 . 3
Software:
4. Automatic diagnosis of breakdowns
inthe FMS. ... ...t | a 2 e 3 ]
5. Standardization of software
interfaces between computerized 3
devices inan FMS ..................... (I 2 4 n
faimost all FMS qurrently running sre usad 10 machine prismatic me {eg., onohn blocks) which are those whose outer shape ot fiad
The projections n thia entry refer 10 FMS for quite g ol parts, such s rotors and driveshafts (or “parts of rotstion,”
in m.:nlnlng jargon, aince they are genarally made on lathesk b) stamping l\d mlﬂq of ahest metal parts, such s car body paneis; ¢) assembly (as opposed
parts) of t m-mm.mqwdmmmm-mmnmmn—m
axist for tic of paris Into droult baards, an devices with and lesting

a= solution in laborstories.
= first commarcial applications.
W= solution widely and easily avaliable (requiring minimal custom engir g for each

FMS: orojections for solution of key problems (OTA,

1984) .
1 = a
2 = o
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Before 1987

1987-90

1991-2000

2001 and beyond

Software:

1.

Well-understood, widely applicable
techniques for scheduling and logistics
of complex materials handling systems

that would atlow full factory Integration ..
. Standard communication systems
(networks) ........coeiiiiiiiiiiiii.,
. Standardization of interfaces between

wide range of computerized devices

in an integrated factory.................
. Data base management systems which

could sort, maintain and update all data

inafactlory ......oveiiiiiinineninn
. Computerized factories which could

run on a day-to-day basis with only a
tew humans in management, design

functions ........... ..o i il

n3

4= soiution In laboratories.
9= first commercial applications.

El~ sotution widely and sasily svaliable (requiring minimal custom

g for sach

CIM: projections for solution of key problems

(OTA, 1984).



Before 1987 1987.90 1991-2000 | 2001 and beyond

Hardware:
1. High-resolution, color display of designs,
with rapid generation of images® ........ 1 2 » 3

Both hardware and software:
2. Low-cost, powerful microcomputer-based
workstations for:®
a) electronics design
b) mechanical design
3. Independent CAD workstations linked
by network, with access to super-
computer for powerful analysis and
simulation ....... ...l a 1 n2 (3

Software:
4. Three-dimensional solid modeling
systems, resulting in:€
a) more realistic images ............. ae 1 w2 |3
b) enhanced ability to connect with
manufacturing equipment . ........ . A 1 . 2 - 3
5. Comprehensive, powerful computer-aided
engineering systems?® for mechanical
design ... . . -
6. Extensive design/manufacturing
integration® ............. ... ool al | . LZ s 3
Mhile color displays are currently svallable, they tend to tice either (the fi and clanty of the picture) or the spesd with which the images can
appaar on the acreen. New techniques for displays, such as the use of L i chips termed “silicon engines™) 10 generate images,
promise to Imgrove this situation.
by based for CAD are now being but in the of expens by OTA, they ar either nat powertul enough

and/or nat inexpensive enough ta be useful in 3 wide variety of applications.
CCAD axperts report that many systems for 3-D solid modeling are svailable now, but they are ROt belng used because of their large appetite tor computer power, and
design data

——

because their capacity o link design data to Is inad de. Part (D) of Ihis entry refers (0 this abiiity to store and manipuiste
about the physical characteristics of 8 part in such a way lhll it can e o ] with only minimal intecmediate staps.

Thig antry refers 1 Mmoduies powertul enough to aliow testing, and of deaigns in & wide range of applications. Such systems
are strongly product-dependent; whils ihey may b nesr for centain now (e.9., dreults, cartain portions of asircrait anvd motor vehicles),
they we much iess In ot and

#This sntry denotes the “window from dnlgn to production™ which would, for aliow of design choices.
Thesa include the costs and & wall a2 the history of manutacturing -hnhr ftoms &t un plant. Such comprehensive connections
would allow much mons substantlal Inlnonnon ol CAD, CAM, and computerbased menagement.

A= solution In imborstories.
o= first commercial spplications.
W= soiution widely and sasily svallable (requiring minimal custom engi! for each

CAD: projections for solution of key problems (OTA,

1984).
1 = a
2 = o
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ar Flexible, versatile grippers for robots

majority

second best estimate

below 5000 USs 1990 1995 2000 2000-

below 1000 USS 1990 1995 2000 2000-

b Versatile touch sensors for robots

below 5000 USs 1990 1995 2000 2000~

below 1000 USs 1990 1995 2000 . 2000-.

¢)  General-purpose 3D-vision for robots

below 20 000 USs 1990 . 1995, 2000 2000-

below 10 000 US$S 1990 1995 2000 2000l

d) On-line part measurement system for tooling

below 20 000 USs .1990. 1995 2000 2000-

below 10 000 USs 1990 . 1995. 2000 2000~

below S 000 USS 1990 1995 2000 2000-
i

e) Generic fixtures for FNS-systems

below 20 000 USS 1990 1995 2000 2000~

below 10 000 USs 1990 1995 2000 . 2000~

below 5 000 USS 1990 1995 2000 2000l

3. A modular, standard-type and generic system for FES and factory
automation control will be commercially available

1990-1993

1994-1996 . 1997-1999.

...........

2000-



4. A modular standard-type and generic warehousing and transportation
system will be available for FMS and factory level integration
. 1990-1993. 1994-1996 1997-1999 2000~
5. Estimate the relative importance of different technological factors in
the development of factory automation. Rank the most important as "1",
the second as “2", and so on.
a) Software for control and integration .3 (max. 4, min. 1)
b)>  Measurements in tooling 3.8 (max. 7, min. 2)
c) Mechanical engineering, like pallets,
fixtures 3.5 (max. 6, min. 2)
d> Robot speed and accuracy .8 (max. 7, min. 1)
e) Robot grippers .4 (max. 7, min. 2)
£) Robot sensors .2 (max. 7, min. 4)
g)  Scheduling of transportation and
warehousing .9 (max. 7, min. 1)
6. Estimate the relative cost shares in 1995 of total investments of FXS
a) Software for systems control (very much
depending on the given applications) 16.8% (max. 25, min. 1®)
b) §C-software 6.7% (max. 10, min. 3)
c) Rabot software 5.5% (max. 10, min. 4)
d Basic machinery 33.7% (max. 50, min. 20)
e) Auxiliary devices, pallets, fixtures,
tool changers 17 % (max. 25. min. 5)
)  Transportation and work piece handling 14.7% (max. 20, min. 10)
g) Software for communication 7.0% (max. 15, min. 2)
h)  Others: specify (Planning, training,
testing, quality control) 3.5% (max. 10, min. @)
I 99.9% (max. 165, min. S4)
7. Free comments:
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Some Aspects of Reconfigurable Manufacturing Cells
as Building Blocks of FMS
G. L. Kovacs, P. Bertok, G. Haidegger, G. Csurgai

(Computer and Automation Institute, Hungarian Academy of
Sciences, Budapest, Hungary, 1111 Kende u. 13-17)

Abstract

Cellular organization offers high flexibility in
implementation and operation of manufacturing systems. The
discrete part manufacturing has several special problems and
demands, which can be solved by means of a special system
development approach. A solution which meets the

requirements is a more or less generalized cell control
system to ensure that an FMS could be built up from
different cells, having similar cell controllers.

INTRODUCTTON

As a flexible manufacturing system is a great investment and
it has a great production value it is of crucial importance
to use all its elements with high efficiency.

Manufacturing cells have been proven to be the appropriate
size building blocks to get sophisticated FMSs ( see [1] ).
Generally a manufacturing cell is considered as a group of
one or more machine-tools, robots, adjacent mechanical
elements, tool and fixture supporting workstations and an
internal transport system. The cell elements have their own
local controllers (NC, CNC, PLC, etc.) and each cell has its
separate controller. The <cell controller functions are
performed by a micro-, mini-, or supermini computer.

A manufecturing system may consist of different types of

cells, such as manufacturing, warehouse, transportation,
cleaning, measuring and dispatcher cells, etc. Each cell may
have the same type of cell control computer, and similar

control software. The cell controllers can be connected via
a local area network (recently mainly MAP is suggested,
however still rarely used).

THE ADVANTAGES OF CELLULAR ORGANIZATION

The <cell controllers have only local supervision and
scheduling functions, i.e. their authority remains inside
the cell. This provides some advantages, such as
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- FMSs can be built up gradually from cells as all cells can
work stand-alone as well. Only one or two cells must be
installed at the beginning, and then the connection of
additional ones can be done without threatening the work the
rest of the system for longer time periods.

- The cell elements have to be connected only to the cell
controllers, so cabling costs and noise sensitivity will be
reduced.

- The data base can be distributed among cell controllers,
and a flexible data structure can be provided for the whole
FMS.

- New LANs and computer systems with distributed
intelligence support the cellular construction even in harsh
industrial environment.

- Dinamically reconfigurable cells improve the performance
by better organization of the available equipment and by
optimally sharing the resources.

Flexibility of manufacturing systems means the necessity of
relatively fast reactions (reconfiguration) of the systems.
In our concept this flexibility can be achieved by wusing
easily reconfigurable cells as building blocks of an FMS.

System reconfiguration may be necessary in several
situations, such as

- A better adaptation to changing workload can be achieved
during normal operation. This is done by the rearrangement
of system elements, eventually by changing some of the
cell element-cell control assignments.

- In the case of component break-downs the system has to
operate excluding the defective element, and a minimum
production loss is required.

- When new elements are introduced into the system, or old
ones are removed.

FMS DESIGN - CELL DESIGN

A cell control system ( FLEXCELL ) was developed to be used
in implementing and running manufacturing systems. It is
believed that the given system has advantages from the
designer’s point of view as well. Design means the design of
all cells which will work together to meet the requirements
of the planned flexible manufacturing system.
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When an FMS is designed, the first step is to choose the
appropriate cell configurations containig the necessary
manufacturing, transfer and other units. Based on the parts
to be produced by the system, knowing all the technological
plans and all the available equipment it is possible to
configure the <cells and the whole FMS. Because of the
complexity of the task we restrict our first investigations
to cell-size, ‘small’ FMS, i.e. we deal only with cell
design problems, however it is never forgotten that the set
of cells will work in an FMS.

Cell design has two separable, but not independent tasks,
the cell configuration (hardware) and the cell control
software design.

Our recent cell control software structure fulfils the
following main requirements

- In order to ensure the generality the main tasks were
implemented independently of the specific features of the
machines, processes and hardware-software resources.

- The control software runs on an enhanced professional
personal computer and it is easily adaptable to other

computers. The enhancement is achieved by adding an
intelligent slave-processor module to ensure the necessary
real-time, high prformance communication with the external
world.

- The cells are easily reconfigurable, and the cell
controllers meet the requirement of system level

reconfiguration as well.

The software design of FLEXCELL was based on our SATT
(System Analysis Technique and Technology) method, namely
the decomposition to separated modules with exactly
specified 1logical interfaces and with the definition of
functional levels.

FUNCTIONS OF THE ( FLEXCELL ) CELL CONTROLLER

There are three functional levels (computer level, cell
operation level and control & supervision functions) with
the following main modules

- operator interface
- communication

- data handling

- event logging

- task supervision

-~ configuration

- job coordination
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- scheduling

- control of normal operation (command)
-~ test/diagnostics

- other cell specific functions

Functional modules of the cell control software

The functional modules of the cell control software can be
separated into two large groups

- Basic routines and programs which serve only as
computational background

¥ The operational system PC-DOS 3.0 with its utilities

¥ Programs to provide multitask services (starting
sequence and priorities of the tasks can be changed,
and there is a direct data transfer between tasks)

¥ Data base management and library management

* Communication routines (via interfaces)

* Screen management and graphics, etc.
- Programs to <control the cell functions, based on the
elements of the previous group. The programs of this group
are more interesting from the user’s point of view, thus

some details of some of them will be given.

It is comwmon, that the main functional blocks are working
as separate tasks within the system. Tasks are activated
by means of predefined events, taking into consideration

the connections between these events and the internal
status of the cell.

a. Production scheduling

Scheduling means an appropriate assignmenmnt of the
activities which are in connection with distribution of
production tasks among cell elements, taking into
consideration the requirements of the 'external world’.

(Crireria of the distribution may be the maximal 1load of
machines, the minimal costs, minimal time delays, etc.)

If a break-down of any cell element occurs, a new
distribution can be initiated without the assistance of the
external world, without human intervention.

This helps in running a partly unattended operation, what is
the ultimate goal of all production automation efforts.

The reconfiguration of the cell may be necessary in
different cases, as it was mentioned earlier. The cell
control software gives the necessary means to solve the task
fast and effectively.
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b. Working according to the task-list

The synchronouos operation of all cell elements is supported
by the controller software, as the main task.

Information-flow between separate units is solved, together
with on-line workpiece-, tool- and fixture management:

- Workpiece management : The cell controller takes care of
all workpieces, to work on them with arbitrary sequence.
It gives information on capacities, takes care of the
transfers and deliveries of products of all production
status and environment.

~ Tool-management : Tools and tool-data are checked
continuously, and automatic tool exchange, tool demand
forecast, etc. can be achieved.

- Technological information management : Working sequences
(e.g. NC programs) belonging to each workpiece ensures the
fulfilment of the technological tasks of a cell. If any of

the necessary information 1is not present the cell
controller gives an indication, and the missing data can
be found or delivered prior to the beginning of

production.

The cell controller takes the workpieces along all working
phases within the cell as it is defined in the task-list.

The transport tasks within the cell should be solved by the
cell controller, even if problems occur, when a re-
scheduling of transport requirements and a reassignment of
means and tools are necessary.

Workpieces, tools and other objects necessary to the actual
machining process are transported between the machine tools
on the basis of technological plans. This is done by robots
in most cases. If synchronization problems occur, puffer
stores are defined automatically to ensure the continuous
load of the machine-tools.

The technological information, which are necessary to run
the machines are distributed as required. Overload is
automatically resolved. There is a book-keeping of finished
tasks and the cell controller may request new tasks from its
environment to keep uniform load of the machines.

All information are stored on data files and can be reached
and modified by the operator and by a higher level
information system. This way several versions of part-
programs can be put into libraries.
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The operator 1is informed about all events of operation
including failures, and he can send data and decisions to
the controller. Both directions of information-flow is
organized via an appropriate man-machine interface,

Production data of the cell elements are important
for the higher level management to be informed about the
instant and statistical situation of the production.

Measurement, collection and a pre-evaluation of production
data can be done as the user wants. This can be important
for the management to make decisions on special requests.

c. Diagnostics

Diagnostics is necessary when something is different from
normal working behaviour of the system. Recently only those
events can be evaluated, to which reaction strategies are
known and predefined by the software. In this case certain
signals arriving from the cell elements can initiate the
necessary intervention of the controller.

Depending on the diagnostics information the cell controller
may exclude defective elements from the cell model ensuring
that all other elements continue normal, eventually
reconfigured activity.

If the reasons of the break-down are known than the
controller can suggest the service people what to do and how
to do it.

The scope of events to be a subject of diagnostics should be
defined for each cell individually by the user, and the
eventual reactions should be defined, too. This is the main
reason why the diagnostics programs are separated from the
other parts of the system software.

d. Emergency situations

Emergency situation means when further activities may cause
serious damages, e.g. cutting with a broken tool.

The control software initiates an activity to prevent
damages, in most cases by stopping ( ’'freezing' ) the
defective element. These parts of the software are cell-
dependent, and the user has to define his needs. To help him
there is a frame system to handle the emergency situations,
which should be given the special demands.
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e. Diary

The diary of the cell contains all events of a cell
including the identifiers of elements and exact dates. There
are two levels of diaries in our cell concept : user level
and cell software level. This latter one cannot be reached
directly by the user, as the data of the cell software level
diary are used internally, as e.g. as inputs of diagnostics,
etc.

f. Cell configuration (set-up)
There are two kinds of configurations:

- basic configuration
- reconfiguration

Basic configuration means, that the appropriate data should
be put into the state tables to define the cell. Even in the
case of a working cell some further data may be inputted by
the operator, however this may be automatically forbidden or
changed by the diagnostics progranms.

Reconfiguration takes place if something goes wrong in the
cell operation, or when the diagnostics or emergency modules
suggest modifications,

DESIGN OF CELL CONFIGURATION ( and reconfiguration )

The cell cofiguration design has two separate steps, which
can be done by iterations : The first is to get a pre- or
basic configuration, which 1is an ’'average’ of several
possible configurations, and the second is reconfiguration
from this average according to the actual production (or
other) task. To process the complex basic configuration task

a good database of all parts, materials, technologies,
available machines, robots, controllers, etc. is necessary
together with a deep expertise of engineers (and
economists). This expertise (or knowledge) can be

transformed into & dedicated expert computer systenm.

Our planned expert system will be a hybrid one, as it will

contain an embedded simulation program to model the
operation sequences of all building blocks and of the whole
cell. An optimal configuration will be chosen using the

simulation results as well.

The cell reconfiguration demands arise from the production
needs in the case of having only one cell, and from the
reconfiguration demands of the whole FMS consisting of two
or more cells. The process of reconfiguration of the machine
side (hardware) is given above.
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The software reconfiguration will be assisted based on the
same hybrid expert system, only the data-base including
design-rules, strategies, heuristics, etc. should be
rewritten to have all the necessary knowledge. Thus the
procedure will be based on the following:

The implementation of a general (’'average’') cell controller
can be done by taking the above given modules, modifying
some of them, and collecting the necessary operational set
of thenm.

This procedure includes a rather small or no modification of
the basic software (computer level), as the software
elements of this level are the same in almost all
applications. They depend on the type of the control
computer, on the hardware configuration and on the operating
system.

The modules of the control and supervision level are the
most cell-specific ones, therefore they have to be modified
when the general cell control software is adopted
{configured) to an actual environment. The complexity of the
command, scheduling or diagnostics module can be quite
different in the case of e.g. a manufacturing cell and a
warehouse cell. Some modules can be omitted in certain
applications.

The modifications of the middle 1level (cell operation)
modules depend on the cell regquirements and on the local
controllers.

Naturally the first version of our expert svstem will not
perform the necessary coding to modify the software modules,
as it will give advice only on what to do, and not on how to
do.

CONCLUSION

The first applications of FEXCELL will be in a pilot plant
at the Technical University, Budapest, where a CIM systenm
is under implementation consisting of different cells

- CAD cell

- preparatory cell

- sheet-metal cell

- forging cell

- welding and assembly cell

- AGV and storage cell

-~ manufacturing cell (milling machine, lathe, robot, etc.)

This last one is already working in an experimental setup.
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This plant, which will work as a kind of FMS will give us
experiences on the real advantages and possible weak points
of our cell concept, and about its realization, the FLEXCELL
system.

Further applications are forseen in machine-tool factories
and in the vehicle industry, etc.
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1. INTRODUCTION

Software engineering is a high technology that proved critical
for the devolopment of modern productive forces. Uncontradicted-
ly, this applies to computer—-integrated manufacturing (CIM), toco
(ECE, 1987; Kochan, 1984; Ranta, 1988). The broad experience the
GDR has been accumulating in flexible automation since the early
708 (for a comprehensive view on this experience see Haustein,
1987) as well as first steps in developing and introducing CIM-
systems confirm the role of software engineering as a major
limiting factor for a more rapid diffusion of these innovations
(see Petermann at al., 1984). Therefore, the software bottleneck
and all suggestions for alleviating it deserve special attention
in research aiming at strategy elaboration for CIM systems.
The -project “Sqftware Strategies for CIM" (SOFTCIM) was ini--
tiated at the Institute for Theory, History and Organization of
Science (ITHOS) to adress this perceived research , problem. (For
recent results of this project see Weber et al., .1987, Weber et.
al., 1988, and Weber and Relitz, 1989.)
This paper
- reviews research at ITHOS on strategy elaboration in the field
of software development for CIM to set a starting point for

- discussing approaches to and problems in the socio-economic
evaluation of software innovations,

- introducing the concept of a simulation model for aiding stra-
tegy elaboration and

- pointing out directions for further investigations.
The objective of our project SOFTCIM is to develop a generic
methodology for strategy elaboration and comprises
- the analysis and synthesis of socio-economic mechanisms for
promoting software engineering as well as

- the provision of easy-to-use tools (including modeling) to
support the design of alternative actions both for enterprises
and the national sconomy as a whole.

Considerable effort is being devoted to analyses and evalua-
tions of software innovations and software strategies pursued by
leading corporations and international communities (Figure 1).

In a broader sense, we conceive the socio-economic evaluation
of software technologies (innovations) as a multifaceted process
of
- acquiring knowledge pertaining to the complex web of socio-

economic conditions for innovations to evolve and of their
implications, :
- shaping (designing) these conditions.

Section 2 provides a brief overview of our simulation ap-
proach, Section 3 deals with economic evaluation of software
technologies (innovations) as a cornerstone for strategy elabora-
tion in our context. Section 4 adde the social dimension for
evaluation. The paper reveals questiQns not solved yet.
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2. CONCEPT FOR A SIMULATION APPROACH (SOFTSIM) TO STRATEGY ELABO-
RATION
2.1. MODEL STRUCTURE

This section describes briefly the concept of a simulation
model called SOFTSIM that is being developed for supporting the
elaboration of software strategies in the field of CIM. SOFTSIM
is conceived for examining the behaviour of software suppliers
under different scenarios. Our research is focused on the follow-
ing Questions:
~ With respect to both qQquality and quantity, which potential for
software engineering is required in a country like the GDR to
keep up with the state of the art in flexible automation and
CiM ? R

- How can the gap between rapidly increasing demand for CIM-
software and supply been reduced whithin a reasonable period
of time, and how should we manage software innovations to meet
this challenge ?

The structure of our simulation model SOFTSIM as well as major
functions of its building blocks are illustrated in Figures 2 and

De

I I
_________ V—————.———  ————— — ——————— —— — = — ..____—-..--._.I._._--_._..
I DEMAND for CIM I I PRODUCTION of I I EFFICIENCY of 1
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I
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I

Figure 21 Structure of the simulation model SOFTSIM

Block Function
Demand Project future demand for CIM software components/
systems

Potential Model the dynamics of the software engineering poten-
tial and its activities (operations, actions, use)

Froduction Development of CIM software components/systems and
their application

Technology Evaluation of software technologies (innovations)

Efficiency Assessment and evaluation of economic and social im-—-
plications brought about by development and applica-
tion of CIM software components/systems

Figure 3: Blocks in the model SOFTSIM and their functions
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2.2. OBJECTS IN MODEL SOFTSIM

Three classes of objects are represented in our model for

simulating CIM software development:

# Units - enterprises supplying and/or exploiting CIM components/
systems,

* Projects - CIM software components and their assemblages,

# Technologies -~ software technologies available in units to
develop, implement and to maintain projects.

Units

In our context, we define units as enterprises that develop,
install, maintain, expand and/or exploit projects. Machine tool
suppliers, R&D corporations, hardware and software vendors as
well as enterprises in oth-r industrial branches running projects
count among this set.

Recently, scientists at the University of Michigan suggested a
new conceptual framework for integrated manufacturing systems
control software (Naylor and Volz, 1987). This framework is also
suited as a metaphorical base for SOFTSIM. Naylor and Volz view
an integrated manufacturing system as an assemblage of generic
software/hardware components which represent a generalization of
the software component concept. Some of the key concepts in
Naylor ‘s and Volz' framework are relevant to SOFTSIM as well:

- With recursively defined extended software components, plug
compatable software can become a reality allowing different
suppliers of manufacturing equipment to bid for contracts.

- Generic components can be considered as a further elaboration
of software reuse and confirm our idea of a stock of reusable
projects.

This component concept justifies focussing our modeling ef-
forts on software production.

Units have a software potential (referred to as potential) at
their disposal consisting of software personnel and tools for
software development. The toole comprise hardware and software
tools incorporating software innovations. This potential can be
enlarged both by extensive and intensive methods. Enlarging the
potential by extensive methods implies increasing the number of
the software personnel. For this purpose units in our model are
required to transfer certain payments to the government in order
to take into consideration the shortage of qualified software
engineers. Furthermore, a unit can engage “unemployed” software
personnel of other enterprises. 7To rely on intensive methods for
enlarging the potential means investing in software tools and
software development environments. We assume that the availabili-
ty of advanced software tools and software development environ-
ments, in other words, the change-over to higher levels of tech-
nology, leads to a considerable increase in software productivity
at least in the next decade.

In our model units compete for contracts aspiring at maximum
profits. According to regulations existing in the GDR, profits
for software products are calculated as a certain percentage of
costs. This practice does not correspond to the requirements of
software engineering. For this reason, we shall implement ideas
in SOFTSIM starting from the market potential of a given software
product (see Haustein in Weber at al., 1987). It will be necessa-
ry to elaborate these ideas in more detail.

Our simulation approach takes an exploratory view. Most deci-
sions on economic activities are delegated to the units. A poste-
riori, simulation data are analysed and compared with given
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objectives. If necessary, simulation will be repeated under dif-

ferent circumstances by adjusting control variables (see Figure

4). This exploratory approach renders possible the evaluation of

strategies.

Economic activities of a unit U, can be described using three
groups of variables: Resources, results, and projects (see Figure
g).

For every time period, the economic activities of a given unit
U, are modeled in two steps:

Step. 1 -~ Find an admissable allocation of contracts. Starting
with the values of the paramaters in the beginning ' of
the time period an admissable allocation of all newly
generated projects must be computed.

Step 2 - Improvement of the solution defined at step 1. The
initial allocation of contracts for projects is being
improved until an aspiration level of profits for the
whole community of units is reachad.

Thus, all parameters can be calculated for the end of the
given time period.

Projects

By projects we mean software components or assemblages of such
components {(software systems) that are developed within a certain
number of time periods and implemented afterwards for solving
given manufacturing tasks of a unit U,. A project is defined by
its technical purpose. From this purpose, a system or project
configuration with certain software/hardware components can be
derived. For the sake of simplicity, our simulation approach
limits the number of project classes. For a comprehensive view on
software for industrial automation see a recent ECE study (ECE,
1987). '

It is well known that CIM systems are being developed step by
step. Projects in our model can pass through (as a maximum) three
stages. With a certain probability an existing project can reach
2 higher degree of complexity.

The national economy as a whole maintains a stock of reusable
projects. Every newly developed project is characterized by a
certain degree of similarity with at least one of the projects in
the stock. This degree of similarity is considered as a major
input for a decision concerning project reuse., FfFinally, the idea
of this stock leads to the generic software component concept
introduced by Naylor and Volz (1987). Running projects require
software maintenance over their whole life cycle, reducing this
way the options for initiating new projects.

We wuse four groups of variables to model projects (relations
between projects, relations between projects and units, technical
and econoaic parameters, and life-cycle parameters; see Figure
6).

Units having a need for projects offer contracts to the other
units and, on the other hand , bid for contracts according to
their specialization. A project is awarded to a unit provided
that
~ the required number of software personnel is "unemployed" at

the moment or can be made available,
- the wunit has the best conditions among all competitors and
works at lowest costs.
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Variable Interpretation

ta=n, Time period of generation.

ILie Upper limit for investments of U, in the beginning of
time period t. .

NSP. e Number of software personnel at unit U, in the begin-
ning of t.

SSTsaw Stock of software productivity tools at U, in the
beginning of t.

FA. «. Fixed assets in software production at U, in the
beginning of t.

SCae Software cost at U, in time period t.

S04« Software output at U, during t.
Profit at U, in t.

PRy «

SETP.«*"t* Projects, for which U, has offered contracts in t.
SETP. "=+ Set of projects under development at U, in t.

Figure S5: Variables for describing operations at unit U,

Variable

Interpretation

Purlg

PA mnocar

Pr -t

Project, in which P, takes its roots.

Intermedi ate project with a complexity higher than Pao-.g
and lower than P,.

Project in the stock of reusable projects resembling P,.

Ulﬂl A )
Ur‘--i

Unit that has initiated the project.
Unit that has been awarded the contract for project P,.

CL,

DN,
CE,

Class of projects P, belongs to. By defining CL, all
major software/hardware components of P, are determined.
Degree of novelty.

Cost estimate. Using CL, and P..+ @ cost estimate CE,
for developing the required software components can be
derived.

t,

t‘mpl
t-tack

t-n-l

Time period in which contracts for P, have been offered.
First year of the operation of P,.

Number of time periods P, will remain in the stock 6 of
reusable projects. )

Time period in which P, was or will be stopped.

Figure &1 Variables for describing project P,
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2.3. CONTROL VARIABLES IN SOFTSIM AND SCENARIOS

Software development for CIM systems is modeled in SOFTSIM
using the following control parameters:

- software potential (existing potential and methods for enlar-
ging it),

- specialization of units (specialization means differentiation
of costs for developing projects),

- pace of advances in software technology (determines costs for
reusing projects),

~ variety of demand {(number of project classes),

- dynamics of demand (number of contracts for projects from
different project classes that occur within a given period of
time).

Having implemented the approach outlined above we intend to
study scenarios that deserve considerable interest for a country
like the GDR, among them the following:

- "Spall is beautiful? (development of many small-scale CIM
systems), :

- "Gigantomania" (development of few but complex CIM systems),

- “"Intensification” (enlarging software potential by intensive
methods; orientation towards software innovations),

- "Reuse" (reusing standardized software components is given
preference).

This simulation concept is being elaborated in close coopera-
tion both with a large machine tool supplier and the State Com-
mittee for Planning and will be implemented on ' personal compu-—
ters. In most cases, consulting experts is the only way to obtain
required information.
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3. ECONOMIC EVALUATION OF SOFTWARE INNOVATIONS (TECHNOLOGIES)
3.1. PREMIBSES FOR EVALUATION

In the following, considerations will be made on the measure-—
ment and evaluation of software technologies (software innova-
tions) that make more transparent the black box “Software
TECHNOLOGY" (see Figure 2).

From the initial thesis for the development of the model
concept SOFTSIM, according to which an improved equipment of
software engineers with tools leads to a fundamental improvement
of software quality as well as to a remarkable reduction of
software costs (over the whole life cycle) the following gques-
tions can be derived:
~ Which equipment of software enginmers with tools is useful from

an economic point of view? What strategies must be applied for
the equipment of software engineers with tools and development
environments?

- What an increase in the productivity of software development is
necessary and possible? How much influence do software innova-
tions have on software productivity and how can software inno-
vations be evaluated in socioeconomic terms?

- What qualities must tools have in order to effectively solve
certain problems of software production?

Trying to answer some of these questions we proceed from the
following premises.

(1) Evaluation and socioeconomic mechanisms

The evaluation of software technologies and software innova-~
tions is integrated into the socioeconomic development mechanisms
as a whole (see Figure 1), which characterize the development and
formation of the software industry (see Weber and Belitz, 1989).
That is why one cannot only ask for the essence, the criteria and
methods of evaluation; the evaluation problem in the formation of
strategies in a broader sense is the mechanisms (relationships
of production) that anticipate the essence, criteria and methods
and influence the essence of the object of evaluation.

(2) Objects of evaluation

Software tools support certain methods of software production
that, on the other hand, are derived from software paradigms (me-—
thodologies, programming concepts):

Methodology -=—--- > Methods —--——-- > Software tools.

Software technology is dealing with all three levels men-—
tioned. That is why the evaluation of software technologies is
dividing into the evaluation of methodologies (software para-
digms), methods and software tools. The evaluation of software
tools has to take into consideration that tools are embedded in
methods and software paradigms.

(3) Software quality versus software productivity?

New technologies and international competition call for deve-
loping high—quality software with a minimum of effort. This
requires the quality of the software processes to be increased
substantially relying on innovations.

(4) Strategic architecting of software development snvironments

Modern software development environments for a large software
supplier have to be built step by step having an underlying stra-
tegic concept and must be tailored to the specific circumstances.
Economic parameters do not reflect the existence of such an
advanced and promising concept indicating, thus, limits to quan-
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titative approaches as, for example, SOFTSIM.

The need for strategic architecting software development envi-
ronments is also dictated by emerging revolutionary changes in
software technology. Software is taking on the form of accumu-
lated knowledge about processes, objects and relations. This
development will have great consequences for its evaluation in
socioeconomic terms.

(5) Acquisition of software technologies - an investment

Advanced software development necessitates substantial invest-
ment needing economic justification. Amortization should be put
on a large number of products. For this reason, only large soft-
ware suppliers are able to afford advanced development environ-
ments.

(6) Classification of software (technologies)
Software technologies differ fundamentally for
data processing <----> embedded real-time systems,
programming

in—-the-small {====3 programming in-the-large,
traditional

von—Neumann

architectures {~—-=3 parallel computers.

Therefore, the typical situation in units supplying CIM compo-
nents/systems will be the coexistence of different software tech-
nologies.

(7) Coexistence of different technology levels within organiza-
tions supplying software

For the evolution of modern software development environments
refer to Figure 7. We should consider five levels of software
technology shown in Figure 8. They will be used in the block
"TECHNOLOGY" of our model SOFTSIM. As a rule, suppliers of CIM
camponents/systems will be characterized by the coexistence of
different technological levels.

L R e *
#life-cycle supportt
=->t (Genesis,...)  #---
I oo |
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* t @ t | | I R}
tDiscrete tooist 4Toolbox ¢ | 1 & intelligente
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¢ editor,...) ¢ ¢ (3| I ¢ support ¢
[} LI ] 3 | | G +
1 |
H I
I demememeeemeee —t ]
==t knowledge-based &——
¢ tools (KBEmacs) ¢
focememanee e ——t
1940s .... End of 1970s
1970s .e0 varly 1980s 1980s Future

tise

Figure 71 Evolution of modern software developsent environasnts
(Source: Ramasoorthy et al., 1987)
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Level of Characteristics
technol ogy
1 Diswcrete tools or groups of tools; no functional inte-

grationy no communication and sharing of data between
different tools; no support for integrating tools.

2 Functiocnal integration:t tools fit together to make a
toolkit; sharing of data between tools possible; tool-
kit may be available also on different computers but
with only rudimentary sharing of data via data carrier
ar LAN.

3 S8yntactic integration: tools can communicate via
agreed interfaces or communication protocols (pipeline
concept in UNIX or data base concept, for example).

4 Semantic integration: all tools form a complex system
and are interrelated and compatible.
S Intelligent life-cycle support.

Figure 8; Levels of software technology (see also Balzert, 1987)

(8) Level of software technology and qualification of software

developers

It is nearly impossible to imagine advanced integrated soft-
ware development environments without concepts or techniques such
as relational data bases, data dictionaries or artificial intel-
ligence. Their introduction requires highly qualified software
sngineers mastering them. Inadequate qualification of software
engineers is regarded a major handicap for a more rapid distribu-
tion of efficient software technologies. For this reason, in the
evaluation of software innovations we have to take into conside-
ration the qualification of software engineers, too.

(9) Scientific prerequisites for qualified evaluation

Evaluating software technologies (innovations) was identified
as a scientific problem in the mid 19708, having attracted in-
creasing attention ever since. Leading R&D organizations (Micro-
electronics and Computer Technology Corporation, Department of
Defense Software Engineering Institute) initiated large-scale
research efforts to shed light on this problem. The vast number
of tools and development environments available on the market
emphasize this need now. Curtis (1980) argued that further ad-
vances in software technology will require
- new results in measurement, and » »

- more experimental verification and test of new software tech-
niques and methods

Thus, formalizing software development is the prerequisite for
progress in evaluation of software technologies. This view is
shared by Boehm (1984, p. 8): "Whatever the strengths of a soft-—
ware cost estimation technique, there is really no way we can
expect the technique to compensate for our lack of definition or
understanding of the software job to be done." (Boehm, 1984, p.8)

The formalization of software development and of production’
processes in CIM systems (see Naylor and Maletz, 1986; Naylor and
Volz, 1987) will complement one another and are both challenges
to basic research.

Beam et al. (1987) suggested a systems engineering concept for
software productivity and characterized the state of the art in
evaluating software technologies as follows (p. 169/7/170): "At
this time, no comprehensive taxonomy of methods for software
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productivity exists, nor much other than folklore concerning how
succesful or unsuccessful these methods habe been in specific
operational software design contexts. ...

Generally, we do not believe that it will be possible to
determine the cost and benefits, including risk elements, of
particular approaches out of context. This suggests the strong
need for the development of a robust set of task, functions, and
methods taxonomies within meaningful operational settings. UWhat
is needed is not a set of abstract listings of methods, but
rather a set of application-related taxonomies, developed to
include methods and methods characteristics as well as tasks and
functions, that will permit assessment of the benefits and costs
of particular approaches.” (Ream et al., 1987, p. 169¢.)

For ongoing and future research efforts on software design
aids Beam et al. (1987) developed a concept called the situation
room for software productivity and suited as a theoretical frame-
work for the evaluation of software technology (see Figure 9).
Many investigations into new methods for raising software produc-
tivity revealed multifaceted and complex interrelations between
them questioning the isolated evaluation of any particular
method.

From these interrelations we shall conclude that the real
problem is to determine those methods, concepts or tools which
are appropriate for an existing or desirable socioeconomic envi-
ronment and, as a whole, promise a maximum increase in producti-
vity.

Starting from the mutual stimulating effects between software
engineering, cognitive and computer sciences and governed by the
basic nature of software engineering as a production and repro-
duction process of knowledge several research groups are elabora-
ting knowledge support systems for raising software productivity,
thus, paving the way for advances in evaluation, toco.
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3.2. APPROACHES FOR EVALUATING SOFTWARE INNOVATIONS
(TECHNOLOGIES)

Statistical basis

Ffor measuring and evaluating software technologies and soft-
ware innovations we can rely on
-~ software catalogs,

- scientific literature,
- software statistics and market reviews.
The wmoftware catalogs issued twice a year using #MENU™™ - The
International Software Database™ deserve particular attention
(see TSC, 1985). Such catalogs make it possible
- to derive market and price trends for specific software catego-
ries, :

- to assess the performances of software tools in different price
ranges, and

- (to a certain degree) to analyse software innovations.

We began to compile data concerning software development tools
and environments in a data base called SOFTBANK. This data base
comprises the following parameters: name of a tool; supplier;
field of applicationy product category; International Standard
Program Number™™; description of functionsj year of market intro-
duction; onumber of installations} currency unitj price(s)j hard-
ware (operating systems); terms of salej; source of information;
phase(s) in the software life-cycle supported; software paradigmn
of the products; technological level; possible size of the pro-
ducts; real-time requirements.

The official software statistics of all industrialized coun-
tries is rather incomplete. Data on installations of software
tools or environments and on productivity gains achieved are rare
in the GDR literature (zee, for example, Miller et al., 1988,
Bréuer et al., 1988). Analyses of price structuring for software
tools on international markets and of leading suppliers’ price
strategies reveal important trends in software development prac-
tices as well as the influence the supply of powerful hardware
systems do have on them. With prices on tools and environments
becoming more flexible the economic justification of investment
decisions concerning software productivity systems is aggravating
even more. Only recently, a data processing enterprise located in
Dresden (VEB Datenverarbeitungszentrum Dresden, GDR) started to
compile infarmation on all software products developed in this
country. On request this firm provides selected information that
we use for elaborating the simulation model SOFTSIM.

International experience in evaluating productivity
effects of software tools

Boehm's assessment of cost reduction in different phases of
the software life-cycle that is due to an appropriate application
of computer-aided tools (see Génenc, 1985, p. 40) can serve as a
general guide line of what is possible. This reduction amounted
to 104 in design specification, 20% in the analysis phase, 60% in
coding and in module test, and BOX in integration and system
test. Provided that cost distribution among life-cycle phases is
known one can assess the implications for the overall development
and maintenance costs (see Boehm and Standish, 1983). An idea of
medium-range or long-range cost reductions to be achieved by
implementing the knowledge-based software paradigm is given in
Figure 10,



-212-

Estimated productivity gains (%)

Activity Current Automated
effort? effort?
Requirements analysis 3.0 3.0
Design 11.0 0.2-4.0
Programming 7.0 0.1-2.0
Integration and test 12.0 0.4-5.0
Corrective maintenance 18.0 0.3-3.0
Adaptive maintenance 14.0 0.5-3.0
Per fective maintenance 7.0 0.5
Update:
mi sunderstanding 14.0 o
Update:
new functionality 14.0 1.0-5.0
Total 100 6-25.3

! Measured as a percentage of total current effort.

Figure 1031 Productivity gains by means of knowledge-based soft-
ware development (Source: Rockmore, 19835)

According to C. Jones, using the most advanced software pro-
ductivity system that will be available in the mid 1990s and
will cost about 80 million US§¥ will affect software development
in the following way (see Butler, 1987):

- less—-than-10-percent cancellation rate (versus today’'s 25 per-
cent rate),

- a one- to two-year development cycle (versus today’'s three- to
10-year cycle), and

~ million-dollar budgets (versus +today’s multimillion-dollar
budgets).

These quoted productivity gains could give the impression that
measuring and evaluating software technologies does not raise any

problems. QOQuite the reverse ! "Despite numerous approaches to
quantification of software productivity ... there are not any
generally recognized measures. ... The amount of the intellec-

tual substance called ’‘software’ cannot be measured remaining

incomprehensible.” (Sneed, 1988, p. 22) This overstated phra.e

outlines the inherent problems very clearly. To get a broader
picture of the them we shall analyse three approaches for evalua-
tion briefly.

1. The approach suggested by Schulz (1986) focuses on functional
features, i.e. on the components of the utility value, but
neglects their relations to economic refersnce numbers.

2. In the Software Engineering Laboratory of the NASA Goddard
Space Flight Center, Card et al. (1987) (see also Card et al.,
19846) tried to assess the influence selected technologies
(methods, tools, or techniques) exert on software productivi-
ty. This approach relies on a software data base that has been
maintained for more than a decade. The objects for evliuation
are- rather heterogeneous some of them being aggregates. The
investigations have shown that no single technology had an
essential influence on productivity. The authors reached the
following general conclusions:
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- The effect of a given technology (innovation), but also the
influence of non-technological factors depend, to a certain
degree, on the pecularities both of the software development
environment and the software products.

~ The decisive way to an increase in software productivity is
employing highly qualified and experienced staff.

Another approach was developed by Dworatschek and Hécker

(198%5). It aimed at "making more transparent the supply of

software engineering methods"” or, in other words, making

easier the choice between alternatives. Some of the authors’
considerations will be useful for our model SOFTSIM, too:

- An  evaluation by means of experiments does not provide
general and directly applicable results (see also Boehm et
al., 1984), :

~ Determining productivity reference numbers for applied soft-
ware engineering methods is hopeless because recording 1in
quantitative or monetary terms is impossible. Ffor this rea-
son, Dworatschek and Hbcker derivaed their approach from thwe

so—called utility theory ("Nutzwertanalyse").
- As ‘"qguantitative measurement of utility using cardinal
scales does not turn out to be attainable" the authors

recommended (and practised) ordinal scales and comparative

measurement of utility (see Dworatschek and Hocker, 1985, p.

185). :
This microeconomic approach offers a relatively simple way for
supporting the choice of software engineering methods. It
shows clearly both possibilities and problems of evaluation in
the field of software technology (renunciation of cardinal
measurements) in enterprises that lack carefully maintained
software data bases, highly gualified personnel and an arsenal
of specific methods.

From the approaches analysed above we can draw some conclu-

sions for our own efforts:

1.

The predominant research efforts on socioeconomic evaluation
of software technologies (innovations) have been done so far
by multinational corporations such as TRW, IBM, ITT, but also
by governmental organizations (NASA, DoD SEI). These corpora-
tions and organizations have software data bases at their
disposal. The approaches towards evaluation are the result of
long—term interdisciplinary work that was performed as a part
of strategic programmes aimed at alleviating the software
crisis: "... productivity improvement requires much more than
the isolated application of new technologies and policies. To
be successful , a productivity improvement program must ad-
dress the entire spectrum of productivity issues. Key features
of such a program are management commitment and an integrated
approach. ...

No single technoloQy can guarantee large productivity gains in
all cases. A successful programming project requires doing
many things right; failure may result from doing only one
thing wrong. The best approach for increasing programming
productivity is the careful selection and implementation of
complementary technologies and practices that address the
entire programming life cycle." (Vosburgh et al., 1984)
Comparing our research work on SOFTSIM with those strategic
programmes we have to be content with more modest conditions.
Aggregated approaches like SOFTSIM can serve as methodological
guidelines for particular enterprises or bodies, but not sub-
stitute their own efforts.
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Software innovations are not the only way for increasing
software productivity, which depends on socioesconomic mecha-
nismse and on a variety of other interrelated factors, among
them technological, organizational, psychological, and ergono-
mic. Therefore, elaborating a methodology for software strate-—
gies should not be restricted to an investigation into mea-
sures and methods for the evaluation of productivity gains.
Nevertheless, we have to grasp software innovations to be the
general breeding-ground.

The relations between the building blocks of our model SOFTSIM
(see Figure 2) cannot be reduced to simple cause-and-effect
chains,

As the implications of single technologies for productivity
are hardly provable, any attempt to proceed this way seems to
be on shaky grounds and neglects the necessity of integrated
approaches for alleviating the software productivity dilemma.
The idea of technology aggregates is taken up in form of five
technological levels (see Figure 8) the economic parameters of
which will have to be obtained by interviewing experts.
Existing approaches for evaluating software technologies are
tailored to specific environments and focus on the micro
level. Insufficient knowledge about actual software develop-
ment, missing standards for measuring software products and
software processes, the interconnection between software inno-
vations, the fact that costs and benefits are tied to the
context, but also the enormous expenditures for experiments
give rise to the unsatisfactory state of the art.

Another result of our considerations is to draw attention to
research problems not solved yet., As a rule, any significant
progress requires mutual enrichment of computer, cognitive and
industrial sciences, systems and software engineering, and CIM
technologies.

&. Many trends to be observed in software engineering are being
reflected in the cost structure of software products. It is
not appropriate to overload SOFTSIM with minor technological
details. Instead, economic and social indicators should be
placed 1in the centre of our modeling effort (see aleo Figure
11).

Present software Development Applications
devel opment of applica~ wusing S6 com-
without {-—-=-—-—-—- > with tions using puters
development tools 4G 1l anguages

user

participation S 18 30 40

management

(planning, S 15 10 10

control)

devel opment .

costs a5 S0 J0 10

{coding, test)

computer S 20 30 40

Figure 11: Changes in net product in software development (%)

(Source: Computerwoche, 1785, May 10)
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4, SOClAL EVALUATION OF SOFTWARE INNOVATIONS (TECHNOLOGIES)

Social (socioeconomic) evaluation of software innovations can
hardly be separated from hardware innovations or be restricted to
flexible automation. The following reflections will indicate
directions for further research and fix some points to start
with:

1. Remarkable social effects of software innovations can be
brought about only in a context of related innovations mutual-
ly strengthening each other. Social effects are dependent on
mediating factors even more than economic ones.

2, Considering the military importance of software technologies

.and the danger of its criminal abuse the necessity of encoura-
ging the consciousness of social responsibility becomes evi-
dent.

3. In many scientific disciplines, software mediates between new
results and applications giving rise to the danger to put all
social effects down exclusively to software.

The social (socioeconomic) evaluation of software innovations
related to flexible automation in production and information
processes requires the investigation of the +following mutually
dependent implications:
~ working and living conditians and protection from misuse,

- content of work (taking decision support as an example),

- "personalization” and user comfort,

- requirements for qualification,

- human relations and place of human beings in working and deci-
sion making processes. -

Here we have to restrict ourselves to selected implications.

Working and living conditions,
Protection from misuse

In our times computer systems are increasingly controling
vital societal functions. Therefore, their malfunctions and
breakdowns can have catastrophic results or, at least, cause big
damage.

Many software innovations contribute to higher quality of
software and hardware systems, make them more reliable and, thus,
maintain industrial health and safety standards, support health
protection as well as protection from misuse.

However, progress in software technology does not automatical-—-
ly lead to higher software reliability, the qualification of
software specialists being a necessary catalyst. Mills (1986, p.
&6) has shown that new software tools are double-edged: "An
interactive debugger 1is an outstandig example of what is not
needed — it encourages trial-and-error hacking rather than syste-
matic design, and also hides marginal people barely qualified for
precision programming." Another example is the programming lan-
guage Ada attracting substantial interest of CIM-developers. EBut,
on the other hand, Ada is criticized because of its low reliabi-
lity in military systems.

A large number of innovations mediated by software products
{language syntheses, language understanding, Braille printer,
input devices for handicapped perscns, ...) considerably improve
the man/machine interface <facilitating the integration of handi -
capped personts into production.

Job enrichment due to the introduction of CIM systems &and a
better integration of.the production personnel ‘s knowledge and
experience into the organization of work in these systems are
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important aims of the ESPRIT software project "Human Centered CIM
System”. This will eventually lead to higher flexibility, faster
reaction on defects and higher efficiency. Apart from technicians
and software specialists, sociologists and industrial scientists
will participate in this project demonstrating this way the
increasing importance of socioeconomic criteria in the evaluation
of software.

Content of work
(Decision support as an axample)

Since the last decade the possibilities for supporting deci-
sion makers even in unstructured complex decision situations
have been expanded remarkable (De et al., '19835). Investigating
the contribution of artificial intelligence and other software
innovations is a topic of large-scale research efforts.

At present time, knowl edge-based decision supporting systems
are being developed for management levels ranging from production
control to strategic planning. When such systems are being imple-—
mented
(1) the contents of work

~ of managers (consultation with these systems)
- of system engineers {(new profession: knowledge engineer)
- of clerks in management and planning departments (automa-
tion of many mental routine processes)
as well as
(2) the demand for qualification
- of knowledge engineers
~ of clerks in management and planning departments (they need
an idea of what the foundations of knowledge engineering
are, otherwise knowledge-based decision support systems
will remain a black-box)
will change accordingly.

The diffusion of knowledge based decision support systems
will raise the experts’ social status.

Radical changes in content of work can be observed for repre—
sentatives of all professions and occupations faced with CIM
systems including managers (DSS, CAQ0), planners, engineers, ope-
rators and skilled workers (MRP, CAD, CAM, CAT, CAQ), and soft-—
ware engineers (CASE). All these changes are closely related to
a substantial improvement of man/machine interfaces.

“Parsonalization"” and user-friendliness
(The example of CASE)

With the technological level in software produgtion being
raised (see Figure 8), the user—-friendliness of software enginee-—
ring environments is substantially increasing. This becomes evi-~
dent in
- the way of working (interactive mode),

- the adaptability of the interface to changing requirements as
well as to knowledge, abilities and skills of the personnel
(novice programmers, occasional programmers, expert program-
mers) ,

- the availability of a help mode,

- fault-tolerance,

- the standardization of the interface to all tools,

~ the availability of macros,

—- the configurability of tools.
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Tailoring software engineering envirenments and elements of
flexible automation (personal robots) is supposed to stimulate
the utilization of manpower ‘s individual abilities and skills in
automation systems, to encourage identification with the work
environment and, at long last, to improve productivity. Besides
advances in psychology, sociology and industrial science, pro-
gress in software technology is the decisive prerequisite for
"personalizing” technical systems.

Software ergonomics is a new special field of computer science
intending to cloce the gap between possibilitiee +for problem-
solving by machines and the needs and limits of human beings. In
the literature, many cases of neglecting achievements of software
ergonomics are documented (see Potosnak, 1987). The necessity to
get end-users involved into the software development process will
shape software technology significantly. Software ergonomics can
contribute to counteract tendencies of dequalification often
associated with the intraduction of new information and communi -
cation technologies. Ergonomic man/machine interfaces require
manifold knowledge and point directly towards artificial intelli-
gence.

Requirements for qualification

With software innovations taking place systems engineers are
increasingly faced with great demands on formal training. Soft-
ware engineers being able to understand the intricacies of modern
siftware technologies and the underlying concepts will use them
best. At the same time the ability to communicate with represen-
tatives of other professions is becoming more important.

The tendency to endow CIM systems with more intelligence does
not necessarily lead to an impoverishment of the contents of the
oparators’ work,

Software is applied in training increasingly, too. This ten-
dency can be clearly recognized in the gqualification as operators
of expensive CIM equipment, where simulation models have proved
to be very useful.

Software innovations and
social aspects of software management

The historical development of software technology indicates
that every technological level brings about & corresponding divi -
sion of labour. Managing software teams implies to care for the
relations )
~ between users and software engineers,

- among software engineers,
- between managers and software engineers.

Some software innovations have a serious influence on these
human relations. With software innovations such as 46GL and know-
ledge-based software engineering the users, for example, become
increasingly involved in software development. This tendency
finds 1its expression in the structure of the net product (see
Figure '11). Software innovations concern different groups of the
software personnel that had been forming in a phase of exagge-
rated division of 1labour.

The automation of many tasks in the software life-cycle invol-
ving a lot of labour causes the tendency of software teams to be
reduced and of diminishing, thus, the need for management and
coordination. During the last 20 years, however, the complexity
of many software projects has been increasing faster than soft-
ware productivity. Therefore, it was necessary to align large
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teams including sometimes hundreds of software engineers with
common project goals.

In the literature (see Mills, 19846, p. 65) "cleanroom” soft-
ware engineering served as an example for software innovations
both requiring and encouraging professionalism, but also streng-
thening team spirit and boosting morale. In the mid 19708 soft-
ware engineering was focussing on technological problems, whereas
evaluation centred upon economic ones. But comprehension shar-
pened soon: "... concerns for the social implications of computer
systems are part of the software engineer ‘s practical methodolo-
gy, rather than treated as a separate topic isolated from our day
to day practice" (Boehm, 1979). Scacchi (1984, p. 58) went beyond
this understanding paying attention to "how the complex web of
social arrangements shapes the production and consumption of
software systems, the local software engineering practices, the
distributions of costs and benefits, the appropriateness of new
software technologies, and the ease with which these can be
managed.”

Organizational structure of development teams, the state of
the art, "individual capabilities and skills of team members have

to be conceived as closely related: "“The focus of a few minds,
the frequent walkthroughs, the major commitment of each indivi-
dual ‘e time, and the common goal shared by team members - all
these factors head in the direction of a product of much higher

quality  than is likely to be produced by any other means. In
short, programming teams should be the cornerstone of software
excellence.” (Ledgard, 1986, p. 68)

The well-documented differences between software engineering
practices in the USA and Japan (Japanese software factory con-
cept!) show that modern software management concepts are rooted
in the system of national cultural traditions and social value
judgements. It is obvious that the evaluation depends heavily on
the sociocultural environment.

CONCLUSIONS:

With respect to the efforts for modeling software strategies
we argue that: '

i. The economic evaluation of prerequisites and implications
related to software innovations with particular importance to
CIM systems is intricate due to the lack of measurements 1in
monetary terms. Including the social dimension creates even
more difficulties for those who are involved 1in strategy
el aboration. The recognition of the relations between socio-
economic conditions and implications is still vague and does
not serve as a sound basis for quantification.

2. As a creative process, strategy elaboration in the field of
software production for CIM systems can be supported by means
of modeling some of its aspects. It is in the nature of stra-
tegy elaboration that it cannot be formalized completely (see
also Danilov-Danilyan, 1986).
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1. INTRODUCT 10N

During the last two years we have collected information from
national and international publications (2, 3, 10, 24, 25, 27,
31, 32, 331, speclal experts' estimates, prepared within the
collaboration with IIASA's Computer Integrated Manufacturing
(CIM) Project [9, 17, 261, as well as information from occasional
publications with descriptions of some specific systems [1, 151.
The preliminary analysis was published in [28]1.

As a result, our FMS data base includes more than 400 cases,
but only 394 are under consideration, because there are no
appropriate data on the other cases, except for their names or
identification (user, vendor, country). Unfortunately, we
practically do not bhave any adequate detailed information from
the USSR (only several cases), Hungary and the NIC. Ve also
suspect that in some cases a duplication takes place due to the
use of different sources with unsatisfactory identification. For
example, in spite of the exclusion of FMC from consideration,
possibly some of them might be mentioned among the British or
French cases. .

Now we have almost complete information up to 1985 and
approximately 5@% of the data for 1986 and 1987.% The collected
data bank for FMS 1s now the biggest in the world and consists of
much more cases than {5, 7, 10, 12, 16, 20, 27, 32) and other
international collections.

It is true that the increase of the number of cases was
accompanied by a rather restricted spectrum of the factors. For
the purpose of a further analysis we concentrated mainly on

economic features of the systems, but not on technical features.

DATA BANK DESCRIPTION

As we originally based our work on the FMS data base
published in {28}, we had to use the same variables (or factors)
in adding new information. This is why we followed the original
bank structure with some modifications. The following data were

collected for each FMS.

'The estimated number of FMS in use is between 350 {27] and
550 (4] for the year 1985. According to our latest estimates
these were about S00 FMS installed in the world by the end of
1986.
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System Identification:

"Country” -
" Company" -
""Vendor"” -

"Year" -

Application:
" Industry” -

"Appl ic” -

name of country where FMS is allocated.
name of user.
name of main producer.

year of installation.

industry of application (1 - final metal
products + non-electrical machinery +
transportation equipment; 2 - electrical
machinery and electronics + instruments).
application area (machining, assembling,

manufacturing, metal forming)

lexity:

Technical Comp y

*MC* _
" NCMT"” -

"Robots” -

“Trans" -

"Storage" -

U | nspecu -

number of machining centers.

total number of numerically controlled
machine tools (including MC).

number of robots

type of transportation system (1 -
conventional conveyor or crane; 2 - automated

guided vehicles or computer-controlled

carts).
type of storage system (1 - automated storage
and retrieval system; 2 - computer-controlled

warehousing system).
type of inspection (1 - manual or automated
measuring and final inspection; 2 - automated

maintenance and monitoring system).

Economic and Operation Data:

1] Oprat e" -
" Unmnopl' -_—
"Bsize" -

"Prodvar" -

operation rate (number of shifts a day).
nunber of shifts of unmanned operation.
average batch size.

product variation or part family (number of

products produced by FMS),
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17. "% Invest"” - investment cost in million US & (converted
according to the exchange rate for the year
of installation).

18. "PB time” - pay-back time (years).

V. Relative Advantages:

Reduction of, by a factor of:

19. "Leadt" - lead time.

20. rsuUT” - set-up time.

21. "IPT" - in-process time.
22. “VvIp" - Vork—in-progress.
23. "Mtime" - machining time.
24. "Invent” - inventory.

25. "Pers" - personnel.

26. "Flsp” - floor space.

Increase in, by a factor of:
27. “"Product” - productivity.
28. "Prodcap” - production capacity.

0Of course, complete data on all variables do not exist in
all the cases. For example, there are a lot of empty spaces in
the columns of '"relative advantages”. Nevertheless, a high
enough quantity of such data was collected to use statistical

approaches for their analysis.

3. FIRST ADOPTERS AND FURTHER DIFFUSION
The first case of a FMS installation, registered in our data

bank, was the Sundstrand Aviation (Rockford) system, installed in
1965= [27) for pump parts and aircraft speed drive housing
production. In 1965/1970 another US company, Ingerscll Rand,
installed its first FMS, and the Heildelberger
Druckmaschinenfabrik did the same for printing press precision
parts production.

Before 1976 eight Japanese companies (Fuji Xerox - 1972,
Hitachi Seiki - 19872, Toyoda - 1972, Yammer Diesel - 1972, Toyota
- 1973, Yamatake Honeywell - 1974, Fanuc - 1974, Kawasaki Heavy

ZAn alternative estimate is 1967 [10Q].
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Industry - 1975) had installed FMS mainly for car engine and
machine tool parts production. There were four US first
adopters, which used FMS mainly for cast iron truck/tractor parts
production. Amaong the Eastern countries the GDR was one of the
first adopters, according to the rather limited information we
have got in the data bank. The FMS installed in 1972-1973 (7
October, Fritz Hekert, Herman Mateen and Werkzeugmaschinen-
kombinat) were used for machine tool parts production.

A wider diffusion of FMS began after the 1974-1975 recession
in Vestern countries and the annual number of installations was
growing up to 60 in 1985 (see Figure 1). The incomplete
preliminary data for 1987 do not demonstrate a change in this
tendency, because the coverage of the inventory for these years
does not exceed 50% of real installationms.

The geographical distribution of FMS, installed up to 1987,
is demonstrated in Figure 2. The main users of this technology
are the USA and Japan. In reality there are more FMS installed
in the Japanese industry than in the US industry, but in our data
bank not all Japanese cases are represented (73 systems). Ve
also think that more British cases are taken into consideration
than actually exist. This is due to the use of several different
sources, sometimes without clear system identification. Some
companies provided data without their names or vendors. This is
why the share of the UK is considered to be overestimated.

Generally speaking, it is possible to define a group of main
FMS users (approximately 50-100 FMS installed).

There is Japan, the USA, the USSR (not shown in the bank),
the UK, the FRG and France in this group. The second group
includes countries with approximately 10-20 FMS in use: the CSSR,
Finland, the GDR, Italy, Sweden. Finally, there are several
newcomers —-- countries which adopted FMS for the first time at
the beginning of the 1980's.

4. APPLICATIOF

As in the cases of the first adopters, the majority of FMS
in the world are used in a few metalworking industries:
transportation equipment, non-electrical and electrical
machinery. Among the approximately 300 FMS identified according
to 3-digit industries of application, S50% were used in
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Figure 2. Percentage distribution of FMS installed by countries.
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transportation equipment production, mainly for iron cast parte
such as cylinder blocks, differential and gear boxes, as well as
for steel parts (valves, crank shafts).

The second main user in this industry is the high-tech
aerospace industry where FMS are used for precision production of
rotational and prismatic parts (fixtures, control systems, jet
parts). There are also several FMS in locomotive production and
ship building.

Another FMS user is non-electrical machinery where 30% of
the systems are allocated. They are used for machine-tools
production (rotational parts and cast iron boxes), agricultural
and construction machinery, etc.

The specific features of FMS use in these two 3-digit
industries are as follows:

- rather big cast iron, steel, aluminum parts with rotation or
prismatic forms;

- many surfaces to be developed;

- limited product variation (flexibility);

- limited batch size;

- high precision in some cases.

The third 3-digit industry, electrical machinery (including
electronics) owns 15% of the FMS installed. They are mainly used
in electronics: electronic components, fixtures for electronic
goaods production, consumer electronics.

There are some exceptions to the use of FMS in this
industry. These FMS are applied for electrical machine parts
production, such as rotors, fixtures, etc. These systems are
similar to the ones used in non-electrical machinery, but their
share in the total number of FMS in the industry is very low.

Finally, 6% of all FMS are used in the precision instruments
industry. The main fields of their application are electrical
control devices, optics, etc.

There are some common features of the use of FMS in these
two industries, namely:

- micro and mini-parts;
- high accuracy of assembling;
- high precision of electronic components;

- big batch size;




- high flexibility.

Though such a division is conditional (sometimes FMS are
used for precision mini-parts production in non-electrical
machinery, and vice versa, or big rotors and other rotational
parts for electrical machines are produced by FMS in electrical
machinery) we have, for further analysis, clustered all FMS
described in our data bank into two parts: heavy machinery (non-
electrical machinery and transportation equipment) and precision
production (electrical machinery and electronics as well as
instruments).

Among the 375 identified cases, 83% were defined as FNS for
machining, 12% for manufacturing, only 5% for assembling, and

less than 1% for metal forming.

S. TECHNICAL COMPLEXITY
The technical production complexity of a FMS can be

described by a number of machining centers (MC) or a total number
of BC-machine tools (NCMT) and by a number of robots used in the
system. The complexity, connected with tramsportation /
communication within an FMS, storage, quality control /
inspection depends on the types of the respective systems.

Normally a FMS includes one or more multi-functional MC. A
most typical configuration (see Figure 3) has 2-4 centers. It
applies to 56% of the 272 systems with MC. Another group of FMS
has 5-8 machining centers each. [ts share is 28%. One can
observe that there are 28 systems with more than 8 MC, and only
15 systems have one center supplemented by other NC-machines.

Such systems, as, e.g. Mazda (1987), Fanuc (1981) and
Yamazaki (1983) (all in Japan) include 21, 23 and 27 machining
centers, respectively. The technically most complicated FMS for
car engine assembling, installed by Fiat Auto in Termoll,
includes 72 automatic stations for complete cylinder-block
assembly.

Some FMS are based on MC use only, but in other cases the
centers which usually substitute for drilling, milling and boring
machines are accompanied by NC turning, grinding and other
machines. The distribution of the FMS by the total number of NC
machine tools (including MC) is shown in Figure 3.
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The first group (41% of the total) includes rather primitive
systems with 2-4 NCMT. The second group (40%) includes
sophisticated FMS with 5-1¢ NC machine tools. The residual 19%
represent very heterogenous systems with more NCMT, up to the
case of 38 CNC-machines installed at the Yamazaki plant.

Totally, five FMS (or 1.6%) use more than 25 NCMT.

According to the collected data the use of industrial robots
(IR) was shown only in 64 cases and 17 FMS included 1 raobot.
Twenty systems use 2 or 3 industrial robots, four systems use 4
or 8 robots. There are several FMS with 13 and more IR. Three
companies (Casio, Toshiba -- both in Japan --, and IBK in the
USA) have FMS with 7@, 72, 77 industrial robots, respectively.
All of them are used for electronics production.

The main conclusion that can be drawn from these data 1is
that the majority of FMS in use are relatively simple from the
viewpoint of production-technical complexity.

Approximately 30% of the 181 FMS, where there is information
on transportation systems, use a traditional conveyor or crane
connection between the working places, NC-machines, production
and storage areas. The other 7@% have automated guided vehicles
or computer-controlled carts.

Data on storage systems were reported only in 42 cases. 37
(or 82%) FMS used an automated storage and retrieval system and
only in S5 cases a computer-controlled warehousing system was
installed.

The same situation is encountered for information on
inspection systems —— we could collect only 33 cases with such
data. In 25 cases a manual or automated measuring and/or final
inspection was reported. In 8 cases (4 of them were shown in
Finnish FMS) there was an automated maintenance and monitoring
system.

The data on these three supplemented systems show that only
the transportation system is sufficiently developed, the storage

and inspection systems are rarely sophisticated.

6. ECONOMIC AND OPERATION DATA
About one half of the cases on our data bank consists of

information on the cost of a system, usually in national

currenclies. These data have been recalculated into US dollars
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according to the exchange rates of the years of installation. As
shown in Figure 4, the FMS price does not exceed 5@ million
dollars, and the majority of the FMS (97%) cost less than 20
million dollars.

Looking at more detailed data, it will be found that 15% of
the FMS cost 1 million dollars and less, 24% from 1 to 2 millionm,
and 16% from 2 to 3 million dollars. Thie means that more than
50% FMS cost no more than 3 million dollars.

Among the observed cases one can find several FMS with very
high investments. Approximately one tenth of the US systems cost
18-25 million dollars, the Messerschmidt FMS investment also
reached 50 million and the total investments in the Italian FIAT
automated assembly plant for the FIRE engine were about 300
million dollars.

The international comparison shows that European FMS are
usually relatively cheap, especially in the Scandinavian and East
European countries.

In spite of the high price of FMS in comparison with
conventional equipment, the pay-back time was reported in 44
cases as relatively short (from 2 to 4 years in the majority of
the cases). A seven-year peak appeared when a set of
Czechoslovak data was taken into consideration (see Figure 5).

This distribution can be treated as close to normal, but we
suspect that in reality the observed maximum of the normal
distribution curve (4 years) may be slightly shifted. There are
two reasons explaining this shift. The looser’'s propensity to
report on their failures is very low, and, furthermore, the
majority of the FMS have not yet passed through a pay-back
period, and its advance estimation is not very reliable.

The FMS flexibility, illustrated in Figure 6, is expressed
by a number of products produced by each system. In spite of a
very wide spectrum of the data, the majority of the cases are
within a concentrated, narrow area -- 30 products and less.

One third of the FMS produced no more than 10 products, in
14% of the cases they produced from 11 to 20, and in 10% from 21
to 30 products.

There are several highly flexible systems in the data bank.
For example, the British Aerospace FMS produces 2000 variants of

small aircraft structural parts by batches of 5 to 10 units each.
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One Toshiba FMS produces 3000 variante of switch boxes and
another small components with 1-20 units a batch. Still another
FMS of the same company has a flexibility of 4000 milling cutter
bodies with batch sizes from 2 to 20.

The leaders in flexibility are two Czechoslovak systems
producing S00@ variants of parts with a maximum batch size of
300, and 40 on the average in one case, and 2000 (maximum)/260
(average) in another.

The batch-size distribution (see Figure 7) shows that in the
majority of the cases (60%) the size ranges from 1 to 50 parts in
each batch. Nine FMS out of 89 cases produce 51-100 parts, six
produce 101-299 parts, and eight produce 200-500 parts. Maximal
batches for certain parts reach sometimes 5000 units and the
average is 2000 units. Almost all of such cases were reported by
Czechoslovak and GDR FMS. This does not mean mass production by
nature, but production of rather simple parts.

As is shown in Figure 8, the operation rate of FMS is much
higher than that of conventional equipment. More than 6% of
them are in use during 3 shifts a day, and 5 or 6 days a week.
Sunday shifts and sometimes 2 shifte on Saturdays are usually
used for servicing. 11% of the systems work between 2 and 3
shifts a day (usually 2.5) and 22% during 2 shifts. The third
shift is normally used for servicing or setting up of a system.

Only 6% of 115 FMS are used less than during 2 shifts a day
(1-1.5), which means either unsatisfactory performance of such
systems, a lack of demand for their products, or a low capacity
utilization rate.

In spite of the very high average operation rate, only 44
cases with unmanned operation were reported. Among them 12 FMS
could work automatically during ©.5, and 29 during 1 shift a day.
Two systems operated without human interference during 2 shifts
and one (Niigata Internal Combustion Engine Plant) was used 21
hours a day in the unmanned regime (with a total operation rate

of 3 shifts a day).

7. RELATIVE ADVANTAGES OF FNMS
The total production time can be divided into several sub—

periods, namely:



Number

Batch
size,
- units

51—1i0C 101-2080 201-500 1000

Figure 7. FMS distribution over batch size.’

Number

FMS .

[ R

Figure 8. FMS distribution over overation rate.



-238-

- set-up time, which ie neceesary for setting up equipment to
prepare a eystem for a new part production;

- in-process time, which is spent for part production from a
first operation up to final operation;

- machining time, in which equipment is used for the part
production;

- lead time is the period from the order to the delivery to a

customer.

Unfortunately a very limited number of data bank cases (26-
45) consists of the information on time reduction, but the number
is still sufficient to estimate the most typical reductions in
comparison with conventional technologies. The set-up time
reduction has been reported for 26 FMS, 19 of them were
Czechoslovakian FMS (see Figure 9). In two Canadian cases there
was no SUT reduction. One Japanese and one Dutch FMS reduced
this time by a factor of 4, a US company reported a reduction by
a factor of 6, and for the Remington FMS this reduction was shown
to be 12. The most typical SUT decrease was between 1 and 2
(less than S0%).

In-process time (see Figure 10) was 50% and less in 20 FMS
(two third of 33 reported cases) as compared to conventional
technologies. Among these 20 FMS, fifteen systems are installed
in the CSSR industry. Four FMS demonstrated a reduction equal to
2-3. The other cases show different results. The maximum cycle-
time reduction (24) was reported for the General Electric FKS,
manufacturing motor frames and gear boxes for locomotives. The
machining time reduction was shown only in 26 casee (see Figure
11> and was not so high -- in 22 cases it did not exceed 1/3.

For two FMS this reduction reached 2.5-2.7, and the Anderson
Strathclyde FMS (UK), producing parts for mining machinery,
demonstrated a machining time decrease by a factor of 10.

In 45 cases we have collected data on lead-time reduction,
which 1is one af the most important indicators of FMS flexibility.
In 17 cases the LT decrease was 50% or less, among them 13 FMS
belonged to the CSSR industry. The next 19 cases had a LT
reduction by factors of 3-5 and there were several eystems with a
higher reduction (see Figure 12). The mnst exotic case was the

Vestinghouse sheet-metal FMS for punching, marking and shearing
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of panels, where the lead-time reduced from 2-3 weeke to 30
minutes.

The time reduction, when using an FMS, influences the
logistic elemente aof production at a high rate. Ve analyzed two
types of such elements -— work-in-progress and inventory changes,
which, in their turn, play an impartant role in the total
production cost formation.

Almost all cases of VIP, reduction in our data bank were
reported by three countries: the CSSR, Finland and the UK. But
in the first group (see Figure 13>, where the reduction did not
exceed 50%, the Czechoslovak share was very high -- 12 out of 17
cases.

In 7 Finnish FMS the VIP was cut by a factor of 4 on the
average, and Valmet’'s system recorded the maximum reduction by a
factar of 10, which was also recorded in the case of the British
FMS, installed by Victor Product for manufacturing connectors.

On the average the reduction in 14 British FMS was by a factor of
4.

Inventory reduction was reported only in 23 cases (see
Figure 14> and the distribution is as follows (mainly for Finnish
and British systems)>. The average reduction was 75%, or by a
factor of 4, which was typical for 40% of the cases. The highest
decrease (90%) was reported by a Finnish company —-— Palomex.
Almost in all observed cases inventories were reduced by factors
of 2-5 in comparison with conventional technologies.

Exact estimates of the personnel reduction can only be made
under the condition that there is a strict comparison between
conventional and flexible production technologies. This means
that the results 1llustrated by Figure 15 are very approximate.

The average decrease in personnel for 20 Czechoslovak FMS
was only 36%. At the same time the number of persons was reduced
by a factor of 3 (or 67%) for 7 Finnish and 8 Dutch systems, and
by a factor of 6 (or 83%) for 16 Japanese systems. The majority
of the cases show a reduction by factors of 2-4, but the Swedish
company AB SKF reported that after the FMS installation for ball-
bearing production two operators substituted for 200 workers at
the o0ld manned line, at a higher production.

A productivity increase of no more than by a factor of 2 was

the most typical for 33 FMS (see Figure 16>, where these data
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were reported. There are some exceptions showing a higher
productivity growth in the GDR, Finland and the CSSR. The
higheet achievement was 5.6. The production capacity increased
by 50% on the average.

The composition of the different FMS advantages mentioned
above is to lead to the product unit cost reduction (UCR). But
only in 11 cases ( 5 for the USA, 2 for the FRG and the CSSR, and
1l for the UK and Finland) were the quantitative data on UCR
reported. The average value was 2, but in 6 cases the unit cost
reduction was between 1.1 and 1.4. The highest reduction, equal
to 5, was reported for the Borg Warner FMS (USA), which was
installed by Coman for machining of crankshafts, heads, and
compressors. The exclusion of the case pushes the average figure
to a value of 1.7.

According to this analysis FMS usually demonstrate strong
advantages in comparison to conventional technologiles.
Exclusively high achievements can be explained, as a rule, by
specific types of production (small parts, metal-forming
processes, etc.). But we think that only successful appliers
reported thése data. This is why the real advantages are usually

less impressive.

8. CONCLUSIQNS
The portrait of a "typical FMS" is as follows:

- It is used in transportation equipment or general machinery
production, mainly for prismatic cast-iron parts or
rotational steel parts.

- Such an FMS includes 2-4 machining centers or 2-10
numerically controlled machine tools (including centers), 1-
3 industrial robots.

- The supplementary systems are AGV or computer-controlled
carts for transportation, automated storage and retrieval
systems and automated measuring inspection systems.

- The cost of such a system is 1-3 million US dollars and 1its
pay—-back time is 2-4 years.

- The FMS flexibility is 30 and less products produced at a
batch-size of no more than S0 units.

- The operation rate i1s very high -- 3 shifts a day, but

usually no more than 1 shift in unmanned regime.
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- Set-up, machining, in-process and lead time are reduced by
factors of 2, 1.3, 2 and 2-4, respectively.

- The average reductions of work-in-progress and inventories
are by factors of 2-3 and 4, respectively.

- The personnel reduction and productivity increase are

between 1.2 and 2.0.

The current diffusion of FMS in the metalworking industries
is mainly based on the introduction of these typical systens,
which have already passed the main part of their learning curve,
and a sufficient experience has been accumulated by producers ancd
users in dealing with the systens.

Among the new directions of FMS implementation, which will
increase the diffusion rate in the future, the following can be
mentioned:

- New adopters by countries and industries, as for example

NIC, electronics, furniture, textile, chemical industries.
- New areas of application -—- assembling.

- New technological components within FMS: laser measurement
and cutting, electronic beam and plasma cutting, etc.
- Sophisticated transportation, inspection within FMS and

control systems outside FMS.

Among the collected data one can see examples of advanced
FMS having much higher costs, flexibility, and technical
complexity. Theilr future diffusion will depend on the decision

of some technical and managerial problems.
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I. IBETRODUCTION

The correlation estimates and analyses for the main FNS
features are presented in this Vorking Paper, on the basis of a
400 FMS Vorld Data Bank described in (21,

All the variables from the Bank were aggregated into several

groups:

1. FMS cost;

2 Flexibility (number of product variants and batch sizes);

3. Time reduction (lead time, set-up time, in-process time);

4 logistic features (work-in-progress and inventories
reduction);

5. Personnel reduction and productivity growth;

6. Technical complexity;

7. Pay-back time.

All relative advantages (in comparison with conventional
technologies) were measured by factors of their reduction or
growth. Therefore, a variable change leading to a lower relative
advantage does not mean that the FMS is less effective than a
conventional technology. It only means a lower advantage.

The reliability of any figure in the Bank is affected by the
difficulties of measuring or due to possible misinterpretation.
But the use of a relatively big number of observations for each
variable leads to higher reliability of a general estimate or
conclusion.

On the other hand, even if we have a lot of observationms,
the specific national or technical features dominate sometimes in
such a sample. The only way to overcome such an obstacle is to
purify the data from the special peculiarities by the use of the
clustering approach.

Naturally, some results provided in this Vorking Paper are
statistically not sufficiently confirmed and the collection of
data and their purification will be continued. The following
FMS-specific advantages have to be taken into consideration:

1. Higher flexibility (smaller batch size, higher product
variation, shorter lead-time);

2. Lower production cost (labor reduction; operational capital
cost reduction, including inventory reduction, work-in-

progress reduction, energy saving, etc.; fixed capital




reduction, including a lower number of machine-tools, floor
space saving, cheaper warehouse systems, etc.);
Higher product quality (production of new goods with higher

quality, lower rejection rate for conventional products>.

On the other hand, an economic analysis must include the

comparison of the advantages with negative FNS features such as:

higher investments in equipment and labor force (for
retraining and education);

higher technical complexity and consequently higher
sensitivity to technical reliability of the sophisticated
machines and supporting systens;

high costs during the picneering implementation pericd and
while following the "learning curve”;

new social problems and obstacles.

The following analysis includes the majority of the factors,

but not all of them. Quality and reliability problems are out of

consideration. Soclial aspects are considered in [3]. The

results have to be interpreted only in the sense of statistical

correlation, casual relations are mentioned in some cases.
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2. COST-EFFECT ANALYSIS

There is only one column in the Bank reflecting FXS "cost”
data, i.e. investments measured in US dollars. On the other band,
there are several sets of "effect” data. It 1s possible to
divide these data into the following groups:
1. Time reduction (lead time, set-up time, in-process time

and machining time);

2. Logistic figures (inventory and work-in-progress reduction);
3. Operational data and pay-back time;
4. Personnel reduction and productivity growth.

A direct correlation between the cost arnd the effects
usually showed indefinite clouds of points, or rather
contradictory tendencies. This necessitated the use of the
clustering approach to obtain a reasonable correlation. Several
variables were used for clustering: 1investments, industries of
application (machinery and transportation equipment versus
electronics and instruments), types of FMS (machining, metal-
forming, assembling, etc.)> and in some cases countries, when we
were not quite sure of the reliability of the investment or
exchange rate data.

E.g., the FMS distribution over the investment costs shown
in Figure 1 demonstrates that the total FMS population can be
divided into two large groups: ‘''cheap" systeme costing less than
four million dollars, and "expensive” ones costing more than four
million dollars.

More detailed clustering is not reasonable because of the
lack of statistical data on some "effect” variables for small
groups of the FXS.

All data on investments were recalculated into US dollars,
according to the official overall exchange rates for the years of
FMS installation. All "effect” data were measured in relative

terms (by the factor of increase or decrease).

A. Lead-time reduction over investments
Because of the unapproximated cloud of points for all data
(see Figure 2), we clustered tbhis relationship in two ways: by

cost and by two industrial groups.
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For all the cases of '"cheap" FMS (where investments were
between @ and 4 million dollars), a certain negative slope was
observed (see Figure 3). The corresponding approximation

function is as follows:

LTR = 6.© - 1.01 Invest
where: Invest - 1nvestﬁents (million dollars)
LTR - lead-time reduction

However, the statistical reliability of the approximation (dashed
line) was not very high. The T-statistics of the slope
coefficlient did not exceed 1.3, R® was here, as well as in other
cases, usually between ©¢.6 and 0.8.

On the contrary, for the "expensive"” FMS one can observe a
rather strong positive correlation between investments and lead-
time reduction (see Figure 4). The linear approximation function

is as follows:
LTR = -0.6 + 0.46 Invest

The same estimation made for FNS installed in the machinery
and transportation equipment industries (the majority of all
cases) demonstrates the same two tendencies (see Figure 5).

The main conclusion is as follows. For "cheap"” FMS the cost
does not affect the lead-time reduction, but for "expensive”
systems with investments exceeding 4 million dollars a high cost

leads to a higher reduction of lead-time.

B. Set—up time reduction over investments

The relation between set-up time reduction (SUTR) and
investments is very &imilar to the relation between lead-time
reduction and investments described above. The analysis of the
total set of the data (see Figure 6) shows that there are two
clusters in the relationships.

For cheap FMS a weak relationship (negative slope) is
denonstrated. At the same time, for FMS which cost more than 3-4
million dollars, a strong positive correlation is observed (see
Figure 7>. But the average values of SUTR are the same for these

two clusters.
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The approximation regression function for Figure 7 is:

SUTR = -1.0 + 0.52 Invest

c. In-process and machining time reduction over investments

The investment data were clustered into the same two groups
(less or more than 4 million dollars) after we had analyzed the
dependence of in-process time reduction (IPTR). Again, for cheap
FMS (see Figure 8), the costs of a system did not influence IPTR,
and also for expensive FMS a positive slope was identified (see
Figure 9).

The approximation equation for Figure 9 is as follows:

IPTR = -5.0 + 1.15 Invest

Finally we could not identify any correlation between
machining time reduction (MTR) and PMS costs. All the data were
randomly spread around the average MTR value equal to 1.3 (see
Figure 10). The latter result seems to be rather reasonable as
the relative increase of machining time of an FMS only depends on

a higher operation rate, but not on investments.

D. Logistic impact of FMS costs

The lack of observations with regard to inventory reductions
(INVR) did not permit to cluster the investments data, but the
total correlation, shown in Figure 11, is rather vague. For
cheap FMS a certain negative slope is observable, but four
available observations of expensive systems are not enough for a
statistical identification.

As in the case of some time reduction variables, the
dependence of the work-in-progress reduction (VIPR) on FMS
investments also has a V-shaped form. Clustering of this
relation on FMS costs demonstrates a statistically weak negative
slope for cheap FMS (gee Figure 12), and a positive correlation
between these two variables for expensive systems (see Figure
13>. The cost correlation can be approximated by the following

regression equation:

VIPR = -0.73 + @.34 Invest



-258-

E. Operational data and pay-back time
According to the data for 115 FMS, 72% of them are working

during 3 shifts a day, 24% during 2 shifts a day and 4% only in
one shift per day. Investment clustering (with a limit of 4

million dollarse) shows that the operation rate for expensive
systems is higher than for cheap ones. 74% of the expensive FMS
are working during 3 shifts per day and 26% during 2 shifts.
Among the cheap FMS, 53% are used during 3 shifts a day, 42%
during 2 shifts and 5% only in one shift a day. The average
operation rate for expensive FMS is 2.7 and for cheap systems it
is 2.5 shifts a day.

It seems that, in spite of the more complicated management
and work schedule arrangement, expensive systems are used more
intensively to reduce their pay-back time.

Pay-back time (PBT) is one of the most important figures for
FMS efficiency assessment. Ite dependence on the cost of an FMS
is positive (higher investments lead to a longer pay-back time),
see Figure 14. But the approximation function looks exponential,
with an upper boundary equal to 8-9 years.

F. Personnel reduction and productivity growth

There was no statistically strong correlation between
personnel reduction (PER) and FMS costs observed for cheap
systems, although a certain negative slope in approximation
tendency does probadbly exist (see Figure 15). On the other hand,
as in many cases mentioned above there is a positive correlation
between these two variables for expensive FMS (see Figure 16)>.

The linear approximation has the following form:

PER = 0.61 + 0.18 Invest

The same dependency applies to productivity growth (PRG)>: a
negative correlation between PRG and FMS costs for cheap systems
and a positive correlation, but with a lower absolute value of
the coefficient, for expensive systems (see Figures 17, 18, 19).

The proposed cost-effect analysis leads us to the following

general conclusions:
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- The most effective systems are the cheapest ones (around 1
million dollars).

- Medium-clags FMS which cost 3-4 million dollars are the
least effective.

- Only very large investments provide the same FMS efficiency

as the cheapest systems have.

The most typical approximation of the cost-effect
correlation is shown in Figure 20, but the statistical
reliability of the first part of the approximation is not very
high.
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3. FACTORS AFFECTING LEAD-TIME REDUCTION

The flexibility of an FNS as well as the reduction of
production coste through the application of an FXS can be
reflected by a lead-time reduction (LTR). Lead-time covers all
operations from order to delivery of a part to a customer. It
includes set-up time, production time, distribution tinme, etc.

A shorter lead time means a faster reaction of a production
system to changing demand. On the other hand, a shorter lead-
time also meane lower production costs, overhead expenses, and
capital and labor saving.

The analysis of the interdependencies between LTR and other
features of FXS allows us to define the main factors affecting
this important indicator.

Among the different reductions in the production stages
collected in the FMS data bank only set-up time reduction (SUTR>
was significantly correlated with LTR (see Figure 21)>. The

linear approximation is as follows:
LTR = 0.5 + 0.73 SUTR

This means that a higher set-up time reduction usually leads
to a higher lead-time reduction, but higher reductions of in-
process time or machining time are not followed by a proportional
reduction of lead time.

A rather strong hyperbolic type of relation between batch
size and LTR is observable in Figure 22. Such a relation seems
to be economically reasonable. Vhen different parts are produced
by small batches with frequent replacement, the use of
conventional technologies leads to a longer set-up time and lead-
time as a whole.

This i6 true only for FNS with a relatively small batch
size-production -- from @ to 100 or 200 units in one batch (78%
of all FNS). For gystems with a large batch-size production (1-
S thousand unite per batch), which are encountered in some GDR
machinery systems as well as in electronics production, we could
not find any statistically reliable relation between these two
variables.

The number of product variants (PV) produced by an FMS also
affects the lead-time reduction (eee Figure 23). But the results
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we had obtained for FXS with PV equal to 0.2-2 thousand variants
demonstrated no reliable tendencies. MNoreover, the average LTR
for FXS with high PV was lower that for systems with low PV,
This means that in cases of low variability of products (85% of
the total FMS number bave PV of no more than 200 units) the
variability increase leads to a higher lead-time reduction. An
additional increase beyond 200 units does not affect the LTR.

The data presented in Figures 24 and 25 show a negative
influence of the number of machining centers <(MC) or NC-machine
tools, including MC (BECKT), on the lead-time reduction. The
possible reason for these results is as follows:

A higher number of MC or NCMT 1s usually connected with

an increased technical complexity of the developed

parts. The latter factor restricts lead-time reduction

at an average level (by a factor of 4).

The lack of observations concerning inventory reductioms
(INVR) does not permit to reveal any statistically reliable
tendency for the LTR - INVR relation (see Figure 26). There are
only 14 cases in the data bank, where both variables are
represented.

But for the case of a work-in-progress reduction (VIPR)
there are a lot of data, and one can observe a fairly strong
positive correlation between the WIPR and the lead-time reduction

(see Figure 27). The linear approximation is as follows:
LTR = -0.86 + 1.85 VIPR

and the correlation coefficient exceeds 0.9. This does not mean
a casual influence, because both variables can be driven by an
external reason.

The operation rate also influences the lead-time reduction.
In the FMS which are used during 2 shifts per day there was an
average LTR by a factor of 2.6, and in the systems which are used
during 3 shifts a day the corresponding figure was 4.4.

It is possible to conclude that higher set-up time
reduction, flexibility (higher product variation and lower batch
size), and work-in-progress reduction will usually provide a
higher lead-time reduction. On the other band, technically more
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complex systems with a higher number of machining centers and EC-

machine tools usually have a lower lead-time reduction.
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4. FLEXIBILITY OF FMS

There are two principal variables in the data bank
reflecting FMS production flexibility: the number of product
variants (or the part family) and the batch size. FNaturally,
these have to be interconnected in the following way: a higher
Product variation usually means a smaller batch size and vice
versa.

In general some negative relation is observable, but it is
difficult to retrieve any approximation which would be
statistically significant. This is why we tried the clustering
approach, dividing the product variation (PV) into the following
five subsets:

- from 2 to 14
- from 15 to 40
- from 41 to 80
- from 81 to 150
- from 151 to 1000 variants.

These empirical boundaries are rather flexible because, for
example, there was no observation between 40 and 5@, 80 and 100,
150 and 300. For each of the clusters the correlation between
the batch size (BS)> and the product variation was approximated by
hyperbolic-type curves (see Figure 28). This means that the
function holds true for different types of production, but not
for all FMS in use.

The influence of FMS flexibility (measured as PV and BS> on
systems features was assessed by taking the clustering approach
into consideration.

The set-up time reduction is affected by the product
variation in two ways. Vhen the PV changes from @ to 200-300
variants, the set-up time reduction goes down, but afterwards a
positive correlation is observed (msee Figure 29).

Almost the same approximation curve was obtained for the
correlation between inventory reduction and product variation
(see Figure 30), but it was estimated in the PV interval from @
to 200, and the turning point was between 30 and 50 product
variants. The increase of product variations from 0 to 20@-300
leads to a drastic decrease of work-in-progress reduction, bdut

afterwards the approximation line is horizontal (see Figure 31).
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The same turning point appears in the correlation between
productivity growth and product variation (eee Figure 32). Vhen
the PV increases from @ to 200, the productivity growth drops to
a factor of 1.4, and afterwards increases again up to a factor of
3 for those systems producing 1.3-1.5 thousand product variants.

Our analysis of the impact of batch size covered only really
flexible FMS, where the BS did not exceed 300 units per batch.
For the impact on set-up time reduction, in-process-time
reduction and productivity growth we found that there were
negative correlations between the three variables and the batch
size until the latter factor exceeded 40-50 units (see Figures
33, 34 and 36, respectively). After this point we found no
impact any more.

Practically, there is no batch size influence on machining
time reduction, which fluctuates from 1.1 to 1.6, independently
of batch size (see Figure 3%5). The growth of production capacity
dropped from 2.0-2.3 to 1.2, while the batch size increased from
1l to 100 (see Figure 37).

After the exclusion of three Czechoslovak FMS with unusually
long pay-back times we found that a batch size increase of up to
300 was connected with a certain growth of FMS pay-back time (3-4
years on the average), see Figure 38.

Generally speaking, it is possible to postulate that the
efficiency of FMS producing less than 100 product variants is the
bhighest. The next peak, which is lower than the first one, is
reached only for "superflexible” systems with product variants of
more than one thousand. An increase in batch size usually
corresponds to a deterioration of the relative advantages of FMS.

But here 1t 1s necessary to take one important aspect into
consideration. Ve have collected the average data omn PV and BS
for real modes of productiom, but not on the potential
flexibility of the systems, which is reported to be much higher.
This means that these two indicators (PV and BS) are usually
chosen under real production conditions and have to be treated as
exogenous for FMS use. Thus the optimal flexibility depends more
on production conditions than on FMS potemntial features. If an
FMS has to respond to irregular orders, BS and PV will be
dictated by a customer. But 1f it i1s used for regular
production, the BS and the number of set-ups are chosen by the
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enterprise decision makers to provide an optimal pattern (for

example to minimize work-in-progress and to reduce unit cost).
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Figure 29: Set-up time reduction (SUTR) over product variations (PV)
]
a
7
INVR
2 - o o
1 -
n L] ) L) T T 1 ) T 1 ¥ L) L 1 0 T L L T
n ki) 40 a0 a0 100 120 140 180 180 200

PV, in units

Figure 30: Inventories reduction (INVR) over product variation (PV)
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Figure 31: Work-in-progress reduction (WIPR) over product variation
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Figure 32: Productivity growth (PRG) over product variation



SUTR

IPTR

=]
o o
[w] |
o
1
|
3 |
T T T T T L T T T T T T T T il
n rhy # 120 180 200 240 280
BS, in units
Figure 33: Set-up time reduction (SUTR) over batch size (BS).
5
=]
4 ~
o
3
[w] o]
24 o
B oo o
DO [w] ful
) o
1
n T T T T ] T T L) 1 T T T T T
n a0 80 120 180 200 240 200

Figure 34:

BS, in units

In-process-time reduction (IPTR) over batch size (BS)
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5. TECHNICAL COMPLEXITY OF FNS

There is no universal criterion of the technical complexity
of FNS. Several indicators of the complexity have been collected
in our data bank. Among them are: the number of machining
centers (MC), the number of NC-machine tools (NC), the number of
robots (ROB), and the types of tramsportation (TR), storage (ST
and inspection (INS) systeme in the FNS. The last three
variables were indicated as dichotomic: (1) for simple systems
and (2) for sophisticated omes [2].

The attempts to find statistically reliable, separate
correlations between these indicators and other FMS features were
usually a failure. This is why a combined indicator of the
technical complexity was elaborated. The first accepted
hypothesis is a that higher complexity is connected with higher
FMS costs. The second one is that if there is no information on
IR, the number of robots is zero. The third hypothesis is that
in case of missing data on TR, ST and INS these were considered
to be 1.0 (1.e. simple systems). Finally, several "extra" FMS
used outside the typical types of production and industries were
excluded from consideration.

The following linear regression equation was estimated for

315 FMS where data on MC and NC were available:

Invest = a-MC + b*NC + c*ROB + d4*TR + e-ST + f£-INS

+ g-DUMUS
where
Invest - 1investments in million US dollar;
DUMUS - dummy variable = 1.0 for the US cases and ¢ for

other systems;
a,b,c,d,e,f,g - regression coefficients.

Coefficients "e" and "f" were statistically insignificant
because only few FNS had sophisticated storage and inspection
systems. DUNUS were used to purify the relationship from the
extremely high costs of the US FMS. The other coefficients were
used to construct the technical complexity indicator (TC) as

follows:
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TC = .7 MC + .35 BC + ©.3 ROB + ¢.3 TR

The relative weighte of the independent variables
approximately correspond to their cost shares, but -- due to the
procedure described above -- the technical complexity does not
coincide with FMS costs. The FMS distribution over TC 1s shown
in Figure 39.

This distribution shows that 58% of the cases in the FMS
sample set can be treated as rather simple systems with a TC of
less than four. 36% of the FMS are in a middle range and thelir
technical complexity is between 4 and 1@. And only less than 6%,
or 18 systems, belong to a technically complex type with a TC of
more than 10. This corresponds to the results of the FNMS
distribution analysis in [2). According to this analysis (we
should like to remind the reader), a most typical FMS includes 2-
4 machining centers, or 2-7 BEC-machine tools (including MC), and
60% of 64 FMS, where the use of robots was reported, have 1-3
industrial robots.

The technical complexity influence on FMS specific features
and relative advantages 1s rather contradictory and it is
sometimes affected by national or production conditioms.

For the analysis of the impact of the TC on FMS pay-back
time we had to exclude several Czechoslovak FMS with relatively
high PBT from consideration. As a result (see Figure 40) a
certain weak, negative relation was observable. At the same time
one can find a positive correlation between these two factors for
technically simple FMS with a TC of more than 4 (dashed lines).
But the lack of data and the character of the point distribution
decrease the reliability of such conclusions.

The lead-time reduction increases proportionally to the
increase of technical complexity until the latter crosses the
"magic” line of TC = 4 and decreases thereafter (see Figure 41).
The lead-time reduction for most complex FMS ranges from a factor
of 1.2 to 2.0.

A ‘certain negative slope in the correlation between the set-
up time reduction and the technical complexity of FMS is shown 1in
Figure 42. Unfortunately, for lack of observations this case

cannot be clustered into simple and complex sub-sets.
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The point distribution in Figure 43 can be approximated by a
combined curve, where a proportional growth in personnel
reduction takes place for simple FMS, a sharp decline for middle-
class FMS and a rather stable level of the reduction (by factors
of 1.2 - 2.0> for 7 technically complex systems. V¥ith an
increasing FMS complexity the productivity growth declines
steadily to the level of 1.2 (see Figure 44).

The FMS flexibility indicators -- number of product
variables and average batch size -- also depend on the system's
technical complexity (see Figures 45 and 46). The huge cloud of
points for product variation makes any statistical approximation
unreliable, but one can observe a definite tendency of the
product variation to decrease when the technical complexity
increases.

The only exception to this tendency applies to FMS with a TC
bigher than 7.5. For 8 such systems proportional growth of
flexibility is observable.

The batch size dependence on the TC can be approximated by a
curve (see Figure 46) which is very similar to the lead-time and
personnel reduction curves. '~ The average batch size grows from
less than 10 units a batch for FMS with a TC of less than 2 up to
50-7Q units for systems with a TC = 4 and declines to
approximately 20-30 for more complex systems. This means that
there is no strong technical complexity influence on FNMS
flexibility.

Ve could not find any TC impact on such an important
logistic indicator as inventory reduction either. The reduction
values fluctuate independently around 3.5, changing from 2 to 5,
see Figure 47. Another logistic indicator -- work-in-progress
reduction -- demonstrates a negative technical complexity impact.
The average reduction goes down from 3 for simple FMS to 2 for
medium-type systems and to 1.2 for the most complex systems, see
Figure 48.

The analysis of the technical complexity impact on FXS
advantages shows that now there is no considerable and
statistically identifiable influence of this factor on such
figures as pay-back time, set-up time reduction, or inventory
reduction. In some cases more complex systems had fewer

advantages (in comparison with conventional technologies) than
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simple systems. This applies to productivity growth, flexibility
measured by the number of product variants and work-in-progress
reduction.

For such important FMS characteristics as lead-time
reduction and personnel reduction it is possible to conclude that
the most effective systems bhave a rather moderate technical
complexity (from 2 to 4). The most complex FMS usually reduce
lead time and personnel only by factors of 1.2-2.0.
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6. FACTORS AFFECTING PERSONNEL REDUCTION AND PRODUCTIVITY
GROVTH

These two indicators are closely interconnected because in
the majority of those FNS, where they were reported, productivity
growth was treated as a labor productivity increase. In some
other cases it was treated as total factor of productivity
growth, or there was no information on the calculation method.
The personnel reduction was usually calculated as direct and
indirect reduction.

For these reasons personnel reduction is slightly higher
than productivity growth, but their correlation can be
approximated by a straight line (see Figure 49):

PRG = 0.8 + 0.5 PER

The next figures were estimated in pairs for the relative
advantages of different FMS as factors affecting productivity
growth and personnel reduction.

The lead time reduction (see Figures 5¢ and $1) certainly
influences productivity and personnel in the following way: a
higher LTR leads to a higher PRG and PER. The slopes of the
approximation lines are ¢.25 - @.27.

A higher set-up time reduction also corresponds to a higher
productivity growth and personnel reduction (see Figures 52 and
53>, but in the latter case a very high growth of the personnel
reduction is observed until the SUTR reaches 2.Q¢ and the SUTR
impact becomes stable after that point.

For the case of in-process-time reduction one can see the
opposite situation. The approximation curve is a straight line
for the personnel reduction and looks like an exponential curve
with a saturation level of PRG = 1.75 (see Figures 54 and 55).

There are two straight lines approximating the influence of
work-in-progress reduction on productivity growth (see Figure
56>. The upper ray is fitted by Czechoslovak FXS and the lower
one by Finnish systems. For lack of observations it is
impossible to retrieve any statistically reliable curve, and the
general conclusion is that a higher VIPR leads to a higher PRG.

Almost the same bifurcation takes place in the case of the

impact of work-in-progress on perscnnel reduction (see Figure
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§7>. An inventory reduction has an extremely unfavorable effect
on personnel reduction (see Figure 58), but seven observations

available are not enough to draw any sustainable conclusion.
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7. FACTORS AFFECTING FMS PAY-BACK TINME

The pay-back time is a crucial indicator of such an
expensive technology as FMS in its competition with conventional
technologies based on traditional machine-tools or stand-alone

machines. This is why the analysis of factors affecting FMS pay-

back time is very important.

Ve have already found in previous paragraphs that for
relatively cheap FMS (less than 4 million dollars) higher system
costs lead to a longer pay-back time. But an increase of the
costs above this critical level or higher technical complexity of
FMS do not influence the pay-back time.

As the share of the Czechoslovak FMS in the data on relative
advantages (such as time, work-in-progress, personnel reduction,
etc.) was considerably high, we sometimes had to exclude several
CSSR cases with an extremely long pay-back time from
consideration. The difference in the pay-back time data 1is due
to different national standards. For example, seven years is
considered to be an acceptable pay-back time in Czechoslovakia,
whereas four years PBT is a normal upper limit for this indicator
in Japan.

A higher lead-time reduction provides for a shorter pay-back
time (see Figure 59). But the form of the approximation curve
depends on a sample set. Vhen we took nine Czechoslovak FMS with
a PBT of more than S5 years into consideration, the curve would
look like a hyperbolic curve, otherwise the relation could be
approximated by a straight line with a moderate slope.

The impact of the in-process-time reduction on the bay-back
time 1s definitely negative even if systems with a PBT of more
than 5 years are excluded (see Figure 6@).

The influence of personnel reduction and productivity growth
on pay-back time 1s also negative (see Figures 61 and 62,
respectively>. As in the previous case, taking FMS with a high
PBT into consideration provides a hyperbolic approximation curve,
but their exclusion provides a straight line approximation.

The FMS flexibility measured im number of product variants
has a positive influence on pay-back time (higher flexibility
leads to longer PBT) until the number reaches 150-200, and there

is no influence after this point (see Figure 63). An increase of
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batch si1ze leads to higher pay-back time, but this impact is not
very strong and disappears rather soon (see Figure 64).

The growth of work-in-progress reduction makes the pay-back
time shorter, but the slope of the approximation curve depends on
the choice of a sample set of observations (see Figure 65). If
some CSSR cases with the longest PBT are excluded, the slope of

the approximation curve can be reduced.
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8. GENERALIZATION OF RESULTS AND DISCUSSION

All the results described in the previous paragraphs were
collected in matrix form and are shown in Table 1. The
influencing factors are shown by rows and the factors being
influenced are given by columns. Some rows are clustered into
two parts according to the following clustering factors: batch
size, investments, technical complexity, number of product
variants.

There are‘a few empty cells in the table which are either
not interesting from the economic viewpoint (for example, in-
process-time reduction over personnel reduction) or they are
statistically not identifiable due to the a cloud of points (such
as product variation over investments) or due to the lack of data
(some cases of inventory reduction).

The formes of interdependencies are not shown in the table,
only the correlation signs are reflected. The majority of the
results correspond to theoretical ideas. But there are some
contradictions as, for example, the opposite impacts of
investments and technical complexity increase on the lead-time
reduction. Some observed results are not explainable from a
theoretical viewpoint: e.g., the negative influence of the
growth of product variation on inventory and work-in-progress
reduction.

The division of the interrelationships of FMS features into
two parts, which 1s observable in many figures, can also be
explained by two types of substituted production modes. FNMS
substitute custom production as hard automated lines when the
production needs flexibility. This is why the relative
advantages may be different for these two types of substitution.

Naturally, the graphical interpolations could sometimes be
discussed and additional clustered data are necessary to clarify
some relationships.

Some principally new conclusions can be derived from the
clustering of the rows. First of all, there are two main types
of FNS according to their cost and technical complexity. The
interdependencies between the relative advantages of FMS and
these two factors sometimes depend on whether we deal with cheap

and simple or expensive and sophisticated systems. In these
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cases the approximation curve is V-shaped or a converted V-
shaped curve.

The same situation is observed when influence of product
variation is analyzed. An FNS with less than 200 product
variants sometimes has interdependencies between variation and
other system peculiarities which are opposite to the
interdependencies of an FNS producing more than 200 product
variants.

This means that there are several subgenerations of FMS
within their total population and the specific features of these
subgenerations are sometimes different. In some cases such
differences appear due to different national policies and
environments. This is why the next part of the FMS analysis will
deal with a comparative cross-country study.

But, in any case, the demonstrated results can be useful for
the development of an FNS diffusion model, and specifically for
the quantitative estimation of its parameters.
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1. INTRODUCTION.

The Computer Integrated Manufacturing Project of IIASA has
made a major survey of flexible manufacturing systems in the
world. The project estimates that there are now (in summer 1988)>
around 700--800 systems world-wide, which have at least two CNC-
machines or machining centers, automated material handling
devices and equipment, as well as a systems level central control
to coordinate and to operate the systems as a whole. The growth
rate of the new installations has, in the recent years, been
around 30%. If this growth rate continues, there will be several
thousand systems in the world by the year 2000; and even though a
saturation of the diffusion process as well as many application
barriers are expected, it is safe to say that there will be 2500-
3500 systems in use at the end of the century or a 15 percent
annual growth rate of the FMS population in 1986-2000, see Fig.1l.

The future patterns for the traditional applications of FMS
(electrical and non-electrical machinery, transportation
equipment, instruments and electronics production) in
industrialized countries are relatively clear now. But the
potential impact of new areas (such as furniture, food, clothing>
as well as new potential countries in the total FMS population
are rather indefinite yet. This is why the forecast is mainly
based on the extrapolation of the current tendencies and may be
underestimated.

In any case, 1t can be concluded that the strategic and the
major part of the production of the metal-working industries in
the industrialized countries will be produced by FMS or other
cell-like systems. Therefore it is also important to understand
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Figure 1. Trends and forecasts of FMS diffusion.
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the basic driving forces and different economic and technological
barriers behind the FMS applicationms.

IIASA has identified about 60@ systems, which is by far more
than other surveys (see [Edberg et al., 1988; Darrow, 1987; ECE,
1986]1) have indicated. Over 400 systems have so far been
described by technological and economic (cost and benefit)
indicators in a database system. All basic analyses and
conclusions presented below are based on this second edition of
the database. The third edition, consisting of about 600 systems
described and having an increased level of data reliability and
completeness, will be available in the spring of 1989.

The database makes it possible to have different clusters
and to look for regular patterns in applications as well as for
different techno-economic success factors. These clustering
approaches reveal quite many characteristics and features
conflicting with the conventional wisdom of FMS. Also, some of
the clusters and key analyses are as such conflicting.

In order to find an explanation for these peculiar and
conflicting features it is necessary to look in more detail at
different application patterns of flexible manufacturing systems.
Thus the basic starting hypothesis to explain the complex economy
of flexible manufacturing systems as well as the empirical
findings is the following: It is evident that there are two kinds
of highly benefici<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>