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ABSTRACT

New approaches to the application of computer-based
models in the production system design process are
needed duc to the intrinsic complexity of designing such
sophisticated and integrated systems. A Production
Modeling System (PMS) is a computer-based modcling
environment for developing and applying computer
models in thc production systcm design process. A PMS
has several key characteristics including a singlc model
representation of the system which enables multiple
analysis typcs, adaptability of PMS functionality to the
system under study, transparcnt information transfer
between analyses, and galeways o external information
sources. In addition, a PMS supports multiple user types
including those that make dccisions, those that use
models to evaluate alternatives, those that construct
models, thosc that tailor th¢ PMS to the system under
study, and those that build the software that provides the
functionality of the PMS. A PMS is implemented
through thc intcgration of multiple analysis techniques
such as simulation and optimization, databascs, and
knowledge bases.

1 INTRODUCTION

Manufacturing competitivencss is a critical issue in
the Unitcd States today. Production systcms (hat
transform raw matcrials into high quality and highly
reliable products are neccssary for the success of our
country in thc world market place. More sophisticated
production systcms arc being developed o address this
need. For cxample, computer integrated manufacturing
(CIM) technology sccks to improve the quality,
efficiency, spced, and cost of production through the
integration of production rclated information  and
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sophisticated management strategies under the control of
a computer system. The importance of these emerging
technologies and their derived systems has been
recognized by various leading institutions in the U.S.
For instance, in Florida, CIM has been identified as one
of seven key technology areas for rescarch emphasis for
economic development by the State University System
Board of Regents in co-operation with the Florida High
Technology and Industry Council.

The intrinsic complexity of designing sophisticated
and flexiblc production systems, such as CIM systems,
requires the support of powerful design tools. Initial
designs for new systems and revised designs for cvolving
systems must be produced quickly and in a
methodologically correct manner. Over the past decade,
computer bascd models have proven their value by
generating nccessary information, available from no other
source, for cvaluating and improving designs. The
construction, analysis, and application of these computer
modcls arc supported by computer-bascd modeling
environments.

The cffective use of models in the production
systems design process can be increased by embodying
more comprehensive methods and tools in future
modeling environments. Production systems designers
will be doing the same things they do now, except that,
both individually and in teams, they will be able t0
complete more activities more effectively within the same
cost and time constraints. Stated another way, future
computer-based modeling environments 1) will help
relicve the designers of low-level, repetitive tasks, 2) will
incorporate a variety of analysis tools, 3) will support
multiple types of analysis to address a wide varicty of
design qucstions, and 4) will ensurc that the tasks in the
modcling and analysis process are performed in a
mcthodologically correct manner.
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In this paper, we prescnt the concepts and functional
requirements necessary Lo create modeling environments
that support the design ol sophisticated, (lexible
production systems. Section 2 discusses the need for
such modeling tools. The functional requircments for
new modeling environments focused on production
systems are presented in section 3. A gencral
architccture for these environments is given in scction 4.
Section 5 presents an example application for such a
computer-based modeling environment.

2 MOTIVATION

In a wide variety of design problems and cascs,
operations research (OR) tools have proven successful in
supporting the resolution of design issues through
analysis. Many dilferent operations research models may
be necessary during the design of a single production
system. Usually, thc computer-based versions of the
models are built independently of each other which may
be undesirable for the following rcasons:
~ Redundant Models. The description of the production
system is entercd for each model. As models evolve, the
consistency of system represcntation between models
may become less and less. This may lead to inaccurate
results and errors being propagated among many
analyses.
~ Manual Information Transfer. Information sharcd
between models must be transferred manually.  As
models are analyzed in an itcrative fashion, the clock
time to evaluate alternatives may be too long and the
process pronc to manual transfer crrors.

Current gencral purposc modeling languages are not
always well suited to production sysiems due the
difficulty of model design. Thc modeler must perform
the cognitive task of mapping between the objects in the
production system and the construcls provided by the
general purpose modeling language. This may require
"guru” level expertise as the modeling constructs may not
allow a straightforward represcntation of the complex
interactions in a production system. Compounded with
the redundant modcls problcm, "guru” level expertisc
may be requircd in multiple modeling arcas, for cxample
simulation and optimization.

Alternatively, some production specific modeling
tools have been developed.  However, these tools have
not been widcly used becausc of their lack of modeling
power. From the modcler’s view point, the ool provides
a non-extendible (or difficult 1o extend) set of modeling
constructs making thc accurate representation  of
production systems difficult. Furthermore, the sct of
modcling constructs is bascd on a generic view of
production systcms and may causc the same difficulty of
modcl design as a general purpose tool.
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We proposc an approach for production systems
modcling that shows promisc in relicving current
difficultics and enhancing thc production systems
modcling process.  The proposed approach centers
around the idea of a Production Modeling System (PMS)
that integratcs multiple operations research techniques,
databases, and knowledge bascs to jointly and
concurrently help resolve multiple production sysiem
design issues. Thus, a PMS should have the following
characteristics:
~ A single modcl for production systems represcntation.
All information nceded for all analyses is integrated and
represcnted in one model. Different views or subsets of
the modcl may be selected (transparcntly) to support
different types of analyses.
~ Adaptable  functionality. Modcling and analysis
capabilities, including the set of model building
constructs, data and knowlcdge editors, analysis
controllers and result processors, must be tailorable and
adaptable 1o the particular production systcm or class of
production systems of interest.
~ Transparent information transfer. Information
generated by one type of analysis is automatically and
transparcntly captured and stored for later use by other
types of analyses.
~ Gateways 10 cxternal databascs. Needed information
residing outside of the PMS is accessible to support
model construction and analysis specification as well as
for other purposcs such as project management and
classical corporate information processing activities.
~ Support for multiple uscr types. Users who build
modcls, uscers who exccute models for evaluating
alternatives, and decision makers who nced the
information gencratcd by modcls must all be supported
by the system. A system buildcr tailors a PMS to a
particular production system or class of production
systems. A tool builder constructs gencric or ad hoc
components that provide all of the functional capabilitics
nceded by a PMS.  Conscquenty, the functional
requirements of a typical PMS arce defined by the needs
of its user types.

3 PMS USER TYPES AND FUNCTIONAL
REQUIREMENTS

Multiple types of users, cach with distinctive skills
and objcctives, will employ a PMS. These user types
represent typical roles in a modcling and analysis project.
For any particular project, the same individual may take
on multiple roles or many individuals may participate in
the same role. We have identified five type of users: 1)
decision makers, 2) modcl uscrs, 3) modcl buildcers, 4)
system builders, and 5) tool builders.  Their distinctive
roles and nceds are discussed in the following sections.
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3.1 Decision Makers

A primary goal of a modcling and analysis project is
to provide critical information, recommendations, and
unique perspectives, unavailable from any other source,
for decision making in a timcly fashion. Often mecting
this goal requircs the development and assessment of
multiple alternatives.

A decision maker will choose among multiple
alternatives of a given production system, based on the
analysis results of cach one. Therefore, for the decision
maker, a PMS should support the transfer of information
generated in the modcling and analysis phases into forms
suitable for management evaluation, and report and
presentation generation. In an advanced PMS, computer
support for the development of problecm statements and
analysis goals could also be provided.

3.2 Model Users

The primary focus of a modcl user is supporting thc
decision maker through thc assessment of system
alternatives using an existing model. This user describes
alternate scenarios through model input parameter values
and examines results (o assess and compare alternatives.
Thus, this user typc does not necd model construction
skills. Instead, the model uscr is an expert with regard
to the system being studicd and technical issues related
to the study. For the modcl uscr, a PMS should help
control the analysis of altcrnatives, help cxamine and
draw conclusions from rcsults, and assure that modecl
validity i1s not compromiscd. In providing this kind of
support, a PMS must support scveral facets of analysis
control, including analysis  definition,  analysis
specification, alternative selection, and results evaluation.

Analysis definition has to do with what information
must be produced by the analysis, what analysis
technique (simulation, optimization, ¢(c.) to use (0 obtain
the information, and what objects and which of their
attributes in the overall system model are needed for the
analysis. Analysis specilication, on the other hand, 1s the
detailed information nccded by the sclected analysis
technique to perform the analysis. For ¢xample in a
simulation, the run length and initial condition valucs arc
typical analysis spccification data.

Alternative sclection is the process by which each
possiblc alternative is identificd and prioritized.  For
example, traditional statistical analysis identifics  all
alternatives, using a standard design ol experiments
proccdure, beforc any arc analyzed. Oncc  the
alternatives have been cstablished, they are cvaluated
using classical statistical methods.  Another possibility is
the incremental identification of altcrnatives.  Results
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from one analysis are used to determine model parameter
values of a new alternative. This new alternative may be
generated and analyzed by using a response surface
search procedure or a knowledge-based expert system.

Results evaluation includes statistical and other kinds
of analyses based on values output from the models, the
display of these values, and drawing inferences from
these values.  Result analysis includes estimating
confidence intervals, associating distributions with output
values, and rclating model input values 1o model output
values using meta-models. Other kinds of analysis, such
as post-simulation performance mcasure definition and
computation as discussed by Standridge and Tsai (1991),
are possiblc. Methods for displaying results using
animations, graphs, and reports are well known
(Standridge, Hoffman, and Walker 1984, Healy 1985,
Grant and Weiner 1986). The usc of expert systcms (0
draw inferences from analysis results has bcen widely
discussed Klahr (1984), O’Kecfe (1986), Reddy, Fox, and
Hussain (1985), Shannon (1984, 1986), Shannon, Mayer,
and Adelsberger (1985). Types of infcrences include:
~ Identification of system conditions, for example:

IF work-in-process inventory > maximum allowed
THEN work-in-process inventory is too large

~ Diagnosis of problems, for example:

IF  station N is idle AND
the queue of station N is empty and
station (N-1) is down

THEN station N is starved for work

~ Suggested problem resolution, for example:

IF station i is down AND
station k is up AND
station k can do the work of station i
THEN route all incoming jobs from station i 10
station k
~ Monitoring of proposed problem solutions, for
examplc:

IF work-in-process inventory for alternative 2 <
work-in-process inventory for alternative /

THEN work-in-process inventory has improved.

Validation cnsurcs that the modcl uscr applics the
model in such a way that valid results arc obtained. The
specification and computer implementation of a complete
PMS validation system is a rescarch activity. Input value
boundary checking can be used to determing if individual
valucs and combinations of valucs arc within ranges for
which the model is valid.  Input valucs must be
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consistent with cach other. Results may be statistically
compared 10 known sysiem values.  Statistically
significant  diffcrences  would indicatc an invalid
application of the model.

33 Model Builders

The model builder enables the tasks of the model
user and information transfcr to the decision maker. The
model builder constructs the singular model of the system
of interest. An information-bascd approach for doing this
is describe in Centeno (1990), Shannon and Centeno
(1990), and in Centcno and Standridge (1991). The
model consists of a set of objccts that represent the
components of system of interest.  The attributes of an
object tell how it may be used in diffcrent types of
analysis, tell how it relates to other objects, and give
distinguishing characteristics of that object.

In addition to constructing a model, the model
builder must validate it using proven mcthods such as
those discussed by Sargent (1988). For example, the
model builder may comparc the actual system with the
model via an animation or compare modcel results with
existing system data. The model builder supports the
model user and the dccision maker by providing defaults,
bounds, and expert knowledge 1o support analysis control,
result processing, validation, and information transfer
tasks.

34 System Builders

A system builder specifics the scope of a PMS and
enables the tasks of the modcl builder. The system
builder defincs the object and attribute classes uscd by
the model builder 10 construct a model of a systcm of
interest.  The system builder provides expert system
knowledge genceric to all systems within the scope of the
PMS to support analysis control, result processing,
validation, and information transfer activitics of the other
user types. In an advanced PMS, the system builder
provides knowledge concerning  the  issucs  and
opportunitics that the particular PMS can address 10
support the devclopment of problem statements and
analysis goals.

3.5 Tool Builders

Tool builders  provide generic,  “off-the-shelve”
softwarc ools and/or develop tols on an as needed
basis. These tools must perform all of the computations
and other operations needed in a PMS  and help the
system builders develop the PMS.
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4 A GENERIC PMS ARCHITECTURE

Implemcntation architccturcs may vary widcly among
individual PMS systems according (o the particular goals
of the PMS. However, the gencral PMS characteristics
discussed in section 2.0 and the general requirements of
each of the five user types discussed in section 3.0 give
risc 10 a generic modular architecture. Furthcrmore, each
of the user types has a uniquc view of the PMS
architccture as shown in Figurcs 1-4 and discussed
below. In cach figurc, the knowledge/databasc (K/DB)
contains information entered by other user types to
enable the tasks of that particular user type. The
information in the K/DB, that is entered by all uscr types,
is processed by analysis 1ools that provide for statistical
analysis, oplimization, simulation, and so forth.
Translation of the information from the K/DB
organization to that requircd by thc analysis tool is
accomplished by translation softwarc. Other software,
such as infcrential cngines, may process the K/DB
information as well.

4.1 Tool Builder’s View

The tool builder secs a PMS as a sct of functional
requircments to be met with cxisting software if possible,
or with newly developed softwarc as necded.

4.2 System Builder’s View

Figure 1 gives the system builder’s vicw of the PMS
architccture. The system builder populates a K/DB with
information related to the classes of production systems
the PMS will scrve. Guidance for this task is provided
by the problem dcfinition knowlcdge in the K/DB as
entered by the decision maker. Thus, the scope of the
PMS is dcfined. This information includes definitions of
the object classcs used for model building as well as data
and knowlcdge uscd throughout the analysis process.

4.3 Model Builder’s View

Figurc 2 gives the model builder’s view of the
architccture. The model builder populates the K/DB with
information related 1o a particular production system, or
perhaps more specifically current issues related o the
design and/or opcration ol the system. Thus, onc
application of the PMS is defined.  The model builder
describes cach relevant object in the system of interest
bascd on the object class definitions provided by the
system  builder.  Inaddition, the model  builder
cmbellishes the data and knowledge entered by the
system builder to provide a production system specilic
context for the model user.  Assisted by the validation
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processor, the model builder secks to determine whether
the object definitions and the analysis results are valid
system representations.

' Object ' . Knowledge Object Data Knowledge| f Validation
lass Editoj Data Editor, Editor Editor editor Processor

Problem definition
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Knowledge
from system
builde

Data from sys-
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R

I Figure 3: PMS - Model User’s View
4.5 Decision Maker’s View

Analysis Model to Inference ,

Tooslls € Analysis Engine Figure 4 gives the decision maker’s view of the PMS
Translator

architecture. The decision maker draws on a K/DB
containing the system model and all analysis results as
Figure 1: PMS - System Builder’s View well as previously entered data and knowledge to
generate reports and management presentations in support

. iy of decision making. An advanced PMS may support the
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Figure 2: PMS - Model Builder’s View

44 Model User’s View from systegrn

and model
builder

Analysis of

Figure 3 gives the modcl user’s view of the results

architecture. The model user performs analysis based on
the model of the system of interest, composed of object

definitions provided by the modcl builder, as well as the &nowledge/D atabase (K/DB) J
data and knowledge cntered by the system and modecl Figure 4: PMS - Decision Maker’s View
builders. The result processor helps the model user

examinc, interpret, and support decision making with the 5 A PMS FOR AN ADVANCED
analysis results. The validation processor helps the PRODUCTION AUTOMATION
model user apply the system model, data, and knowledge LABORATORY

correctly.

Design is a critical aspect of cngincering education.
Howcver, providing students with sufficient opportunities
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for realistic design expericnces in an  engincering
disciplinc is a difficult task. Local industry may provide
some student design experience opportunities. However,
these opportunitics may not be sufficient in number 1o
serve all students, may not be timely with respect to
current student courses, and will strictly depend on the
current needs of the local industry. Furthermore, some
enginecring schools arc in locations with little or no
engineering-related local industry.

While other enginecring disciplines have for some
time provided a hardwarc-based laboratory environment
for design experiences, Industrial Engineering was faced
with unique difficulties in this rcgard. "A professor of
industrial and systems engincering cannot bring a
production system into a laboratory. It is too big, too
complex. Furthermore, it involves humans who are not
only unpredictable and difficult t0 measure, but who
would also be unwilling to be part of a laboratory
experiment... Obviously, much development work is
urgently needed in better methods for teaching design
principles to Industrial & System Engineering students."
Tumer, Mize, and Case (1987).

A completely automated production system design
laboratory to provide near-rcalistic industrial design
experiences is an ideal application of a PMS. One
approach to the educational process in such a laboratory
is as follows:

1. Students view a production process in the laboratory,
examine the process, and ask questions.

2. Students construct a mathcmatical model of the
process. Data needed to estimate model parameters is
collected in the laboratory.

3. Swdents implement the model on a computer in the
laboratory and validate it.

4. Students propose improvements to the process and
assess the potential improvements using the model.

5. Students implement the improvements in the laboratory
and verify that the process has indecd been improved.

Students iteratively perform these sleps until
improvement goals arc achicved. A PMS intcgrates data
collection, model building and execution, and process
improvement verification.

To illustrate, consider the following typical case.
During production, printed circuit boards cxhibit
significant queuing for a drilling operation.  This
operation must drill multiplc holes on each board as a
part of the board assembly operation. The number and
location of the holes depends on the type of board. This
operation is implemented in the laboratory. Facully act
as system builders who provide for automatic collection
and storage of data conccrning the current assembly
operations and the object classcs that describe the circuit
board assembly system. In addition, the system builders
set up links to simulation and optimization analysis (0ols.
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Students act as model builders, model users, and
decision makers. Model builders definc printed circuit
board system objects in such a way that optimization
models and simulation modcls may be generated.
Optimization models determine the sequence in which
holes are drilled on a board. Simulation modcls assess
the asscmbly operations in terms of queuc lengths,
equipment utilization, and throughput. Model users
initially assess current drilling patierns and, based on
modeling results, proposc changes. Particular changes are
selected for further assessment by the decision makers.
These sclected changes are tested by 1) telling the PMS
to instruct the CIM software controlling the laboratory
hardware to modify the corresponding part of the
operation, and 2) gathering data on the performance of
the modified system. This data is compared to data
gathered from the previous drilling and assembly
strategies as well as predictive data resulting from the
models. Thus, the designed system changes can be
proved or disproved.

6 SUMMARY

Designing a sophisticated, integrated production
system is intrinsically a complex process. Computer
modecls are needed to support this process. The effective
use of these models can be enhanced through a modeling
cnvironments for developing and applying these models.
A Production Modeling System (PMS) is such a
modeling environment focused on the production systems
design process. A PMS supports multiple types of users
including thosc who make decisions, those who assess
system alternatives using models, those who build
modcls, those who configurc, adapt, and tailor the PMS
to the system or class of systems of interest, and those
who build the software tools comprising the PMS. A
PMS allows a singular description of a system from
which several types of models can be generated using
internal as well as cxternal data. These models may be
analyzed using multiple techniques, such as simulation or
optimization, 10 answer a varicty of design questions.
Information gencrated by one analysis is transparently
made available for use in the others. To accomplish its
goals, a PMS integrates multiple analysis tools,
databascs, and knowledge bases.

REFERENCES

Centcno, M.A. 1990. Design of an integrated simulation
modeling environment using a relational framework.
Doctloral Dissertation, Department of Industrial
Enginecring, Texas A&M University, College Station,
Tcxas.



434

Centcno, M.A. and R.E. Shannon. 1990. Expert
simulation system bascd on a relational database. In
Proceedings of the 1990 Winter Simulation Conference,
eds. O. Balci, R. P. Sadowski, and R. E. Nance,
412-414.  Institute of Elcctrical and Electronic
Enginecrs, Piscalaway, New Jersey.

Centeno, M.A. and C.R. Standridgc. 1991. Modcling
manufacturing systems: an information-bascd approach.
In Proceedings of the 241th Annual Symposium, cd. A.H.
Rutan, 230-239. Institute of Electrical and Electronic
Engincers Press, Los Alamitos, California.

Grant, J.W. and S.A. Wciner. 1986. Faclors o consider
in choosing a graphically animated simulation system.
Industrial Engineering 18(8): 36-40, 65-68.

Healy, K.J. 1985. CINEMA tutorial. In Proceedings of
the 1985 Winter Simulation Conference, eds. D.T.
Gantz, G.C. Blais, and S.L. Solomon, 94-97. Institute
of Electrical and Electronic Engineers, Piscataway,
New Jersey.

Klahr, P. 1984. Artificial intclligence approaches to
simulation. In Proceedings of the 1984 UKSC
Conference on Computer Simulation, 87-92.

O'Keefe, R. 1986. Simulation and expert systems - a
taxonomy and some cxamples.  Simulation 46(1):
10-16.

Reddy, Y., M. Fox and N. Hussain. 1985. Automating
the analysis of simulation in KBS. In Al, Graphics and
Simulation, ed. G. Birtwistle, 34-40. La Jolla,
California: SCS Publications.

Sargent, R.G. 1988. A tutorial on validation and
verification of simulation models. In Proceedings of
the 1988 Winter Simulation Conference, eds. M.A
Abrams, P.L. Haigh, and J.C. Comfort, 33-39. Institute
of Electrical and Electronic Engincers, Piscataway, New
Jersey.

Shannon, R.E. 1984. Artificial intclligence and simulation
(keynote address). In Proceedings of the 1984 Winier
Simulation Conference, eds. S. Sheppard, U.W. Pooch,
and C.D. Pegden, 3-9. Institute of Electrical and
Electronic Engineers, Piscataway, New Jersey.

Shannon, R.E., R. Mayer, and H.H. Adelsberger. 1985.
Expert systems and simulation. Simulation 44(6):
275-284.

Shannon, R.E. 1986. Intclligent simulation environments.
InIntelligent Simulation Environments, eds. P. A. Luke
and H. H. Adelsberger, Simulation Series 17(1):
150-156. San Dicgo, California: SCS Publication.

Standridge, C.R., J.R. Hoffman, and S.A. Walker. 1984.
Presenting simulation results with TESS graphics. In
Proceedings of the 1984 Winter Simulation Conference,
eds. S. Sheppard, U.W. Pooch, and C.D. Pegden, 51-
58. Institute of Electrical and Electronic Engincers,
Piscataway, Ncw Jersey.

Standridge and Centeno

Standridge, C.R. and J. Tsai. 1991. A Mecthod for
Discrcte Event Trace Processing.  Simulation,
Submitted.

Tumer, W.C., J.H. Mize, and K.E. Case. 1987.
Introduction to industrial and systems engineering.
Englecwood Cliffs, New Jerscy: Prentice-Hall.

AUTHOR BIOGRAPHIES

CHARLES R. STANDRIDGE is an associate professor
in the Department of Industrial Engincering at the Florida
A&M / Florida State University College of Engincering.
He led the development of the Simulation Data Language
(SDL) and of The Extended Simulation Support System
(TESS) for Pritsker Corporation. His current rescarch
intercsts are in the devclopment of modeling and analysis
environments for manufacturing systems, in the use of
animation as a modeling and analysis tool, and in the
analysis of health care delivery systems.

MARTHA A. CENTENO is an assistant professor in
the Department of Industrial Engincering at the Florida
A&M / Florida State University College of Engineering.
She received a B.S. degree in Chemical Engineering from
ITESO University (Mexico) in 1981, an M.S. degree in
Industrial Enginecring from Louisiana State University in
1985, and a Ph.D. degree in Industrial Engineering from
Texas A&M University in 1990. Her rescarch interests
arc in the areas of intelligent simulation environments
and relational databascs for simulation. Dr. Centeno is
a member of Alpha Pi Mu, IIE, AAAI, ORSA, TIMS,
SCS, and ACM.



