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Abstract
The Systems Integration for Manufacturing Applications (SIMA) Production Project at the US.
National Institute of Standards and Technolw WST) is working on the integration o f a software
tools environment for engineering production systems. Thispaper describes a process model for the
engineering production systems and how that model is being used to integrate the commercial
software tools into a workstation environment. The tools used to implement the environment are
commercial off-the-shelf software products offered by anumber of different vendors. The project
isbeingundertaken as a collaborative effort h e e nMST researchers, severaluniversities, andU.S.
manufacturers.
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1 INTRODUCTION

Just as computer-aided design and engineering tools have revolutionized product design
during the past decade, computer-based tools for production system engineering could revolutionize
-&during. The--or problemtoday i s the lack of software integration -engineersneed tomove
databetween tools inacommon wmputiig enviromea A current MST study ofengineering tools
has identified more than 400 engineering software products marketed today, almostallof which are
incompatible with one another. Unfortunately, the interface and database standards do not currently
exist that would enable the construction of integratedtoolkits.

Tool kit environments are needed which integrate clusters of functions that manufkcming
engineers need to perform related sets of tasks. The Production SystemEngineering environment
under development by MST and collaborators will provide functions tospecify,design, engineer,
simulate, analyze, and evduate a production system. Other functons included within the
environment are project management and budgeting. Examples o fproduction systems whichmay
eventually be engineered using this environment include: transfer lines, group technology cells,
automated or manually-operated workstations, customized multi-purpose equipment, and entire
plants. The initial focus for this project is on small productionlinesused to assemble power tools.

The NIST focus for this project under the Systems Integration for Mandacturing
Applications Program, Barkmeyer (1995) and the NIST/Navy Computer-Aided Manufacturing
Engineering Program, McLean (1993) is on providing the models, integrated framework, operating



environment, common databases, and interface standards for a wide variety o f emerging tools and
techniques for designing manufacturing processes, equipment, and enterprises. This paper outlines
a process model which has developed for production system engineering and the tools which are
being used to implement the model in an integrated computing environment. Section 2 presents an
overview of the model. The Sections 3 through 7 describes the second level o f decomposition of
the mode! into: problem definition, process specification, system design, modeling q d evaluation,
andengineering project management. Section 8 briefly describes the effort to deveiop andintegrated
environment and outlines future work.

2 OVERVIEW OF THE PROCESS MODEL

A process model is one of several models that are needed to implement an integrated
engineering tools environment. The process model defines the fimctions that tools must perform in
order to engineer a production system. The model also defines inputs, outputs, controls, and
mechanisms for carrying out the hctions. The process model is a key refmnce document for
d e W g the data flows and interfaces between the modules in the integrated environment.

The process model forproduction system engineering hasbeen developed usingIntegrated
Definition Method (IDEFO) modeling techniques and the Meta So-Design/IDEF tool, seeMeta
(1994). The model defines the toolkit functions and data inputsloutputs for ea& hction. Detailed
information models are under development which further specify each data input and output
idenflied in the process model. The information models are being used to implement shared
databases, exchange files,messages, and program calls for passing information between the
commercial software tools.

The zero level of the model identifies the production system engineering function, itsinputs,
anditsoutputs. The first level of the model decomposes the engineering process into five major
hctions oractivities: 1) define the production system engineering probiem, 2)specifyproduction
processes required to produce the product, 3) design the production system,4) model the system
using simulation and evaluate its pedormance under expected operating conditions, and 5) prqare
plans andbudges. Inputs to the production system engineering function include:

lproduction requirements,

0 quality, time, and costconstraints,and
0 producz specifications,.manufacturingresources.

Outputs o f the function include:

lprocess specifications,
0 simulation models,
0 performance analyses,
l system specifications,
l implementation plans, and
0 budgets.
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Figures 1 and 2 illustrate the first two levels of the IDEFO model. The model further decomposes
each o f these functions and data flows into sub-levels. Brief summaries o f the sub-levels are
presented in the sections that follow.

3 ENGMEERING PROBLEM DEFINITION

The first step inengineering the production system is clearly identifying the problem which
i s to be solved. Problem definition datawillinfluence howalIof the other production engineering
fixnctions are carried out. This activity is primarily one of gathering and organizing data from a
number of different sources. Ultimately data gathered as apart o f this activity would be recorded
ii~template forms, imported h m other applications, andmaintained ina shared database. Critical
data which must be identified to initiate the engineering process includes:

0 Product data and key product attributes - product name, part number, model number,
description, functionality, product structure (billof materials), material composition,
dimensions, weighs reference drawings, part geometry models, part family or group
technology classification codes, t e c h n i d specifications, reference documents,

l Production system and engineering project type -newproduction system (e.g., plant, line,
cell), modificanon to existing system (i.e., product orprocess changes), relocation of system
to new site, phaseout of a production system,

0 Manufacturing constraints and issues - market forecast and production ram required
(minimum, normal andpeak production rates inunitdhour, units/&& unitdday, unitslyear),
production capacity, b e l of automation versus manuaI operation expected, i n f o d o n and
control system requirements, target production site(s), floor space limitations, quality and
yieid requirements, safety stock requirements, storage availability, known environmental or
safety hazards,production plant calendar

lCritical milestone dates and schedules -production ramp upplan, target dates for: system
requirements specified, system design completed, requests-for-proposals issued, systems
installed, testing completed, training completed, system operational, postproduction support,
system phaseout,

lExpected or estimated costs -product price, manufktuing cost, system implementation,
operatingcosts,

0 Manufacturing data for related products - production engineering data for this or
previously manufactured products (in some cases all outputs from previous engineering
projects), competitor products and sites, possible benchmarking sites.

With the exception o f critical milestone dates, most of the information outlined above may at some
point be used by the next function, i.e., the specification o fproduction and support processes. All
data may be used directly by other downstream functions, if appropriate. During the c o m e of the



production system engineering process, downstream functions may provide feedback suggesting
changes to the problem definition data

4 PRODUCTION AND SUPPORT PROCESS SPECIFICATION

The second phase o f the production system engineering activity is to develop a process
specification for the production and support operations required tomandbcture the product, see
Tanner (1985), SaIvendy (1%2), and Sule (1994). Data developed during thisphase willultimately
take the form ofdirectedgraphs and/or flowcharts. Nodesinthe graphswillcontainattributes which
identi@processes and their parameters.

A manufacturinghssernbly precedence structure diagram is developed h m the product
geometry data and bill o f materials. From the precedence structure, processes and processing
precedence collstraints may be derived The derivation process may bebased onhuman experience
and intelligence, or implemented as a de-based expert system. Data developed by this function
includes:

0 Process identification - process name, process type (operation., storage, inspection,
delay, transportation, information, or combined activity), process parameters,

0 Process resoufces - input product components, output product (subassembly orpart
identifier), tooling and fixtures,staffand job skil lrequirements,process by-products and
-&,

lProcess time and costs -process duration, estimated process cost, product value-added.

This process is recursive-high level processes are decomposed into subprocesses untilallbasic
or primitive operations are specified. Constraints on groups ofprocesses and operations are
identified and precedence relationships are specified.

editing functions and hurnan interaction are normally required to layout diagrams inan
understandable form. Large diagrams may beunwieldy and should be decomposed into multiple
levels ofsub-diagrams.

Process specifications are perhaps best represented as diqpms and/or tables. Graphical

Other process specification data which may be developed as part o f this phase include:

l activity relationship mattices are defined which describe how different processesrelate
to each other, e.g., required proximity or location.

l specification o f requirements for processes, tooling, job skills, timing and line
balancing, quality control, process audits,

l development o fprocess and inspection plans, process description sheets,
ldevelopment o f time standards for operations,
l ergonomic analyses of manual tasks,
0 value engineering analysis (i.e., detennination of job activitiedsteps which can be

eliminated).



Processing scenarios may also be defined which describe how production willbe carried out
before, during, and after the new production system is implemented.

inconsistencies, etc. Feedback requesting changes to the problem definition, as the process
specification is developed. As the system design is developed in the next phase, feedback may
be provided indicating required changes inprocess specifications.

Process specifications next must be reviewed and revised to correct errors,

5 PRODUCTION SYSTEM DESIGN

The third phase o f the engineering process i s production system design. This activity
includes the design of the physicaI processing systems, material storage and delivery systems,
and information management/control systems for the production system. The production system
design problem i s addressed in Sule (1994). The mechanical assembly system and flexible
manufacturing system problems are described, respectively inNevins (1989) and Draper (1984).
Facility layout is presented Apple (1977) and Francis (1992). Manufacturing system
architecture, design, and specification development processes are defined inRechtin (1991),
Bextain (1983, Rembold (1993), Compton (1988), and Purdy (1991).

A generic decomposition ofproduction system design is: 1) defme system requirements
’ for each process, 2) assign requirements to system modules, 3) develop system operating

scenarios for the modules, 3) identify candidate systemdmachinedtooling for eachmodule, 4)
evaluate alternative technologies and candidate offerings, 5) determine number of systems
required based on processing cycle time and required throughput, 6) conduct system build or buy
analyses, 7) select systems for acquisition, and 8) developed detailed design for o v e d system
based upon build and buy decisions.

Other related activities outside of the scope of system design are:1) procurement of
systems, i.e., prepamtion o f request-for-proposals, evaluation ofproposals, and awarding of
contracts, 2) system development, i.e., building o fmodules, unit testing, and integration testing
ofbuilt andbought modules, 3) system operation, and 4) post production support.

The generic production system design process can also be viewed interms of the specific
types o f systems involved, i.e., process, logistics support, and infoxmation. The remainder o f this
section briefly summarizes considerations associated with the design of each of these elements of
the overaI1production system.

The design of the processing system involves: the selection o f ahierarchy ofprocessing
systems to implement the modules (icluding plants, centers, lines, cells, stations, equipment,
devices, and tooling), assignment o f processes to the systems, estimation of resource utilization
levels, and balancing ofproduction systems.

The design o f the logistics systems can be divided into two related problems: production
mate-riatlogistics and plant logistics. Production material logistics includes: determination of .
production material requirements (raw materials, components, packaging, carriers), estimation o f
consumption rates, determination o f sourcing strategies (makesr -buy analyses and supplier
selection), lead times, and shipping (airAand/sea) methods for source materials.

Plant logistics concerns the systems which move and store materials within the facility.
Plant logistics involves: determination o f floor space and voIumemc requirements for each
procesdmachine/system, identification o fproduction and tooling material storage requirements



(i-e.,loading docks, stagingareas,centralized storage areas, h e side storage), selection of
storage systems (i.e., automated storage and retrieval systems, manual storage systems,
production Iine buffers and feeders), specification of material flow through the facility (i.e., raw
materials, components, work-in-process, and finished goods from the dock to lines through lines
and back to dock), selection of materidhandling systems (e.g., hand truck, forklift,conveyor,
AGV), determination o f stock replenishment strategies, design o f safety and environmental
systems, development o fphysical plant layout in two and three dimensions, and evaluation o f
logistics system for further production capacity growth capabilities.

communications, display and user interface systems,database management systems and their
databases, data collection systems, production idormation systems,peripheral devices (e.g.,
printers, magnetic scanners, monitors, bar codereaders,infrared tracking systems), production
accounting and reporting, SPUSQC systems, time and attendance recording, and
preventivdcorrective maintenance support systems. The information systems design activity
includes: requirements specification, architecture development, process and information
modeling, detailed design, interface specification, integration and test planning, and user
documentation development.

The output of the production system design phase are detailed system specification
documents. The phase may provide feedback to probiem definition and process specification
phases indicating changes which must occur as aresult o f design analyses. The next phase is the
simulation modeling of the system which has been specified by production system design.

Production information systems may include: monitor and control systems,

6 SYSTEM MODELING AND EVALUATION

Once a design, or partid design, for the production system is specified, it should be
modeled and evaluated using simulation techoIogy. The purpose of this phase is to better
understand the dynamics of the proposed system andhelp ensure that it satisfies the constraints
outlined in the problem definition phase. Inputs to this phase are derived fiom all o f the previous
phases. Pegden (IW),Askin (1993), and Carrie (1988) descrii the simulation modeling
process. Knepll(1993) describes the evaluation and validation ofmodels.

The first step in developing a simulation model for the system is to define aproblem
statement and simulation objectives, i.e., what is expected to be 1-4Grom the simulation
model. The types of alternative models to beconsideredand constructed need to be identified,
e.g., discrete event simulation, material flow, systemmechanics andkinematics,ergonomic,
andlor manufacturing process. Appropriate simulation tools must be selected based on the types
ofmodels to be constructed. Next, system pedormance measures must be identified. Some
examples ofperformance measures include: tbroughput, cycle time, work-in-process, machine
downtime, and machine utilization.

Next, the system simulation model elements and their behaviors must be specified
Model elements usedwilldepend on the types o f simulations to be constructed. Elements of
these models may include the attributesassociatedwith:manufhctmhg resources, servers,
queues and selection criteria, workpieces/Ioads/objects, arrival distributions, processes, system
movements andmaterial flows, timing distributions, failure andrepair rates, etc. The
information needed to derive the model elements willbe drawn h m problem definition, process

f



specification, and system design data The actual simulation models may then be constructed
using the selected simulation tools.

h o t h e r critical activity in the modeling and evaluation phase is the development of test
data for the simulation runs. This activity includes: identification of data sources, gathering of
test data, formatting and loading the data, and determining the number o f simulation runs
required to produce significant results. Once the simulation has been constructed and the test
data has been loaded, the models can be run and evaluated.

The simulations must be validated, i.e., it i s necessary to determine whether results are
believable based on experience, other data, etc. There are two aspects to this problem: 1) does
the simulation program behave as expected, and 2) does the outcome reflect reality. If the results
are not correct or creditable, either the simulation must be fixed, models modified, or the test
data may need to be changed. Some examples o f evaluations that may be performed on the
results include: verification of the accuracy ofmodel, analysis o f errors and failures, bottlenecks,
throughput, flowtime, expected yields and quality, interference problems, collisions, etc.

specifications and the system models, process specifications, or even basic assumptions spelled
out inthe problem definition. Some of the results o f simulation, e.g., timing data, may be fed
forward in to the engineering project management phase.

After the results o f the simulation are reviewed, it may be necessary to revise design

7 ENGINEEFUNG PROJECT MANAGEMENT

Another parallel phase inproduction system engineering i s the development o f
engineering project management data Project management and budgeting is described in
K e m e r (1984). These functions include: development ofproject plans, preparation of budgets,
establishment of configuration management controls, and generation ofreports. Principal inputs
to this activity include: problem definition and system design specification data Timing
information may be drawn fiom simulation results.

phases, tasks,resources, and timing data. Possible phases may include: feasibility study,
planning, needs and requirements analysis, detailed design, acquisition and installation, testing,
training, pilot and fullproduction operation, and phaseout. Critical milestones are identified as
part o f the phase defrnition activity.

Each major project phase i s specified in terms o f tasks and sub-tasks. Task precedence
constraints and overlap options are identified. Required resources associated with each task are .
identified. Staff responsibilities are specified on each task. Resource balancing may be required.
Timing information i s also estimated for each task, including: expected or required start, end
dates, estimated task durations andleadtimes. From this data, schedules may be generated and
critical paths determined.

Cost factors and their analysis is an extremely important part of the system design and
implementation process. h4alstrom (1984) provides detailed guidance onmanufacturing cost
engineering processes that can be used to develop cost estimates and budgets. Budget cost
categories that may bc considered include: project phase, planning, labor, tooling, capital
equipment, projected maintenance, information and control system, operational, training,
licensing and inspection, construction, instaIlation, material (components, consumables),

Project planning involves defining the production system engineering project in terms of:



overhead (utilities, labor multipliers, area usage), and rental costs.
The budgering process inciudes: gathering o f cost data, entering data into spreadsheets or

databases by budget categories, projecting es t i v tes where data i s unavailable, generating
summaries by categories, and producing budget reports. Budgeting data is review for significant
deviations from targets and opportunities for savings are identified. Budget data is then used to
generate feedback, if required to the problem definition and production system design phases.

Another critical activity included in this phase is the configuration management of
engineering data and project documents. principles o f configuration management are outlined in
Daniels (1985). This activity includes: identification o fkey documents, definition of revision

responsibilities, establishment o fnotification procedures for project staff,establishment of
security poiicies and access control mechanisms, and the placement o f documents and data under
configuration management.

The final activity in the management area is generation andpublication o f reports that
summarize the results o f each o f the other phases. Functions included iq this activity include:
outline development, document editing and assembly, layout and formatting, andprinting. This
activity draws input h mallof the other h c t i o n s in this phase and the other phase.

Once plans, budgets, configuration management policies, and reports are completed they
need to be reviewed to ensure that they are realistic and meet the requirements established inthe
problem definition phase. If not, either the plans need to be changed or information must be fed
back to problem definition and/or system design to re-scope the system.

- controYreview/promotion policies andprocedures, identification of organizational

8 INTEGR4TED ENGINEERING TOOLS ENVIRONMENT'

The process model for production system engineering is being implemented as an
integrated tools environment through the collaborative efforts ofNIST, academia, and industry.
Academic collaborators include: the University o fKansas,California Polytechnic University,
Ohio University, and Brigham YoungUniversity. Black andDecker Corporation is
collaborating on the production system engineering process andproviding test data on
production lines.Although anumber of engineering tool vendors have provided software for
integration into the environment, the final selections o f software tools has not been completed.

The production engineering environment is being implemented on ahigh performance
persodcomputer. Commercial software tools used in the implementation of the engineering
environment inciude: abusiness process re-engineering!flowchamng package, aplant layout
system, a computer-aided design system, amauufacturing simulation system, a spreadsheet tool,
aproject management system, and arelational database management system. Other tools are
under consideration for incorporation into the environment at a future time.

The interoperability o f the commercial engineering tools that are available today is
extremely limited. As such, users must re-enter data as they move back and forth beween
different tools carrying out the engineering process. Project collaborators will: define generic
inf'omtion models for production system engineering data, specifyinterfaces for integrating
tools, develop prototype integrated environments and shared databases, and implement test case
production system engineering projects. Examples o f the types o f shared data under
consideration by the collaborators for the common database includes: production requirements,



product specifications, process specifications (diagrams, flowcharts, plans, routings, operation
sheets, programs), equipment specifications, budget spreadsheets, project plans, simulation
models and model elements, setup illustrations, plant layouts, information models, interface
specifications, system descriptions, estimated yield data, process capabilities, and quality data

A long t m objective of the project is to improve the productiviv of users by creating an
integrated environment where changes to data and decisions autornatidly percolate through the
various tools contained within system. Project results willprovide a basis for defining interface
standards that will facilitate the integration and interoperability of commercial tools in the future.

Work described in thispaper was sponsoredlythe US. N v Mamfacturing Technologv
Program and the NISTSystems Integrationfor Manufacturing Applications @M)Program.
No approval or endorsement of pny commercialproduct by theNational Institute of Standards
and Technology is intended or impIied The work described wasfitnded by the UnitedStates
Government andis not subject to copyright.
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FigureI.Top level o f the production system engineering IDEF model
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Figure 2. First level of decomposition of the production system engineering model
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