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from another vendor at the assembly operation through a
custom designed interface. Such arrangements limit an
organization’s ability to quickly find new partners for
forming supply chains to rapidly bring out new products.
The ability for quick integration of supply chain applications across different organizations is critical for
competitiveness. Such ability can be provided through
interoperability standards. This need has been recognized
and consortiums established for creating interoperability
standards.
An organization interested in using standards for
supply chain interoperability is faced with a number of
competing standards at various stages of development,
and with a number of applications claiming to be compliant to some or all of the standards. There is no easy way
available for an organization and its existing or potential
supply chain partners to test the applicability of the standards to their operation environment. There is also no
one methodology available for testing the compliance of
the applications to the standards in their own operational
environment. It takes a large effort to implement and integrate any supply chain application and hence, it is simply not practical to implement an application for testing
its features and its interoperability. Examination of data
files and fields allows syntactic verification of compliance
based on the specific set of data used. There is no guarantee that the static data files can cover the large range of
a different set of values that can occur during real operations.
The need for testing of standards and the compliance
of applications to the standards over a range of real operation scenarios can be met through simulation. The applications can be interfaced with simulated (or virtual)
manufacturing systems and tested with the streams of data
transactions and messages generated during simulated operations. Researchers at the National Institute of Standards and Technology (NIST) are developing a virtual
manufacturing environment for just such a purpose.

ABSTRACT
The need for interoperability of information systems
among supply chain partners has been recognized. A
number of standards have been or are being developed to
ensure interoperability of applications used along the supply chain. An associated need for interoperability testing
has emerged. There is a need to evaluate compliance of
applications to standards across specific platforms. The
standards themselves need to be evaluated for a comprehensive coverage of the application scope (validation testing). This paper reports on a distributed simulation based
approach for supply chain interoperability testing. Simulations are used to represent real life organizations to
serve as sources and consumers of dynamic data. The
data can be encapsulated per the standard under consideration and exchanged with other organizations directly or
through selected applications for testing. Error free performance of the simulated systems over time will provide
confidence in the interoperability of applications and in
the standards themselves.
1

INTRODUCTION

The success of supply chains is highly dependent on
seamless exchange of information among its partner organizations. The supply chain applications at any node
in a supply chain should be able to exchange information
with supply chain applications at other relevant nodes.
Currently, most of the interfaces between the applications
at different nodes along the supply chain are either proprietary or custom designed for specific implementations
of selected applications. For example, the Enterprise Resource Planning (ERP) software at an automotive supplier
may integrate with the same ERP software at the customer automotive company through its proprietary interfaces. Or, the supply chain planning software running at a
component supplier may integrate with the ERP software
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shelf discrete event simulation packages under the auspices of the Simulation Interoperability Standards Organization (SISO) (Taylor et al 2006). The work reported in
this paper does use an HLA-based approach for integration of the distributed simulation, but does not test such
standards. The focus here is on testing of the interoperability standards for information exchange between supply
chain partners.
Related efforts at the National Institute of Standards
and Technology are investigating the use of semantic web
technologies for enterprise integration (Anicic et al 2007)
and a testbed for manufacturing business to business interoperability (NIST 2007a). The approach described in
this paper should be able to detect semantic inconsistencies through analyzing the causes of poor and unexpected
performances of simulated organizations and supply
chains. Admittedly this would be a somewhat tedious
process.

The Virtual Manufacturing Environment (VME) project at NIST is part of the Manufacturing Interoperability
program (MIP). The goal of the MIP is to equip U.S.
manufacturers with the technical guidance and testing
support needed to interoperate in today’s global, heterogeneous manufacturing world. The VME project is creating data-driven simulators across the manufacturing hierarchy extending from the supply chain network level to a
process on the production floor (Kibira and McLean,
2007). The vision is to create the models with the fidelity suitable for testing applications at the different hierarchical levels.
The first prototype implementation reported here is focused on the automotive industry, though
the structure can be used for any supply chain with an assembly operation as the anchor.
This section introduced the need and the approach
used to address it. The next section briefly reviews related work in this area. Section 3 defines the scope of this
effort. Section 4 describes the simulation models used to
represent the supply chain network and the automotive
assembly plant. The conceptual view of the integration of
the simulation models in a distributed manner is discussed
in section 5. The implementation view including the
modifications made to the models to enable the integration and the distributed simulation infrastructure are presented in section 6. The last section concludes the paper.
2

3

SCOPE

Interoperability testing involves multiple levels as below
(NIST 2007b):
1. that the standards meet the business requirements
they were intended to address (validation testing),
2. the standards conformance of key implementations – what was implemented agrees with the
specification (conformance testing), and
3. that sets of business applications can successfully operate together (interoperability testing).

RELATED WORK

The Internet is being increasingly used to create links between information systems of organizations partnering in
supply chains. A huge number of interconnections between multiple applications are being set up. These interconnections are being set up in a custom manner with
large efforts. The need to develop interoperability standards has been recognized and is being responded to. It
has been noted that the large number of interconnections
and associated complexity threatens to overwhelm the capabilities of standards organizations and industry to develop the specifications (Ray, 2002). A number of organizations are engaged in developing interoperability
standards for various applications.
There has been a significant amount of effort on interoperability among distributed simulations including the
development of the high level architecture (HLA) (Kuhl
et al 1999). HLA is a Department of Defense-developed
set of rules, a method for information definition, and an
interface specification that defines a way for simulations
(called federates) to be combined into a distributed simulation (called a federation). HLA federates interact
through a software component called the Run-Time Infrastructure, which implements the interface defined by
HLA.
More recently, there is an effort on building a family
of standards for interoperability of commercial off the

The simulation-based approach is aimed at testing the
interoperability standards primarily for items (1) and (3)
in the above list though it can be used for item (2) also.
First, it can be used for validation testing of standards.
The interactions between different nodes of the supply
chain can be modeled using the data fields included in the
applicable standards. The simulations can indicate if the
data necessary for executing the basic supply chain applications is available for the range of situations created during the simulation. Second, the approach can be used to
test interoperability of supply chain applications from
software vendors. The simulation models can act as the
real life operations and interface with the applications.
Data and messages will be generated and provided to the
applications using the standard form and format to test
their capability to read and parse the information correctly, and to generate correct outputs that can be sent to
other nodes represented either by same or different simulation models.
The work reported in this paper is focused on testing
standards for interoperability of applications that support
some aspect of a supply chain operation typically involving communications among partner organizations in a
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material (components), work in process within the major
sections and in-between the sections, and finished goods.
The production activity is modeled at shift level.
The distribution network can be modeled to include
flow of product to distribution centers, retailers and customers either linearly through these stages or directly to
any of them. Customer purchase activity through the retailers can be modeled by specifying appropriate distributions. The logistics is modeled at an abstract level with
travel times defined in integer days based on a from-to
matrix.
The current implementation of the model is based on
a generic automotive supply chain data set with the final
assembly plant at the center as the manufacturing facility,
tier I and tier II automotive suppliers on the supply side,
and distribution centers, car dealers and customers on the
consumption end.
The model mimics the dynamics of the supply chain
and associated interactions between the supply chain
nodes. These interactions can be executed through transactional messages between the nodes consistent with a
standard that may be under evaluation. With the current
implementation of an automotive supply chain, the interaction messages use data fields consistent with those defined in OAGIS/AIAG Business Object Documents
(BODs) for Inventory Visibility and Interoperability
(IV&I) (OAGi, 2007). For example, the orders for vehicles from dealers to assembly plants are defined using
XML fields defined in the ProcessPurchaseOrder BOD of
the OAGIS standard. Similarly, the shipment notifications that are sent from the assembly plant to dealers use
XML messages that are formed using the SyncShipmentSchedule BOD specification.
The supply chain simulation has been developed using ARENA. The simulation is data driven with all the
supply chain parameters defined in variable structures.
The data for the automotive supply chain has been defined in an Excel file and brought into ARENA to create
the model. A graphical user interface (GUI) module has
been developed using C## for flexibility in accessing and
presenting information beyond that offered by ARENA.
The GUI module communicates with the simulation
model through an MS-Access database using the .NET
framework.
The supply chain simulation model has been developed with a data-driven interface and basic representations of supply chain management policies. A supply
chain can be described using data on various aspects including the structure of the supply chain, the demand
characteristics, the capabilities of each node, and the policies for inventory management within each node. The
simulator can read in the data and configure the model accordingly. The simulation can then dynamically execute
the model to create instances of real life situations that
may occur during operations of the supply chain.

supply chain. The primary example of such standards is
the Open Applications Group’s Integration Specification
(OAGIS). The version used here was one developed in
collaboration with the Automotive Industry Action Group
(AIAG) and made available for free downloads (OAGi,
2007). Other examples of such standards include ISA-95
(ISA, 2007) and Business to Manufacturing Markup Language (B2MML) (WBF, 2007).
The proposed virtual manufacturing environment will
provide the application software vendors the capability to
demonstrate the interoperability of their products. It will
provide the manufacturing organizations the capability to
test out the supply chain applications under consideration.
Overall, it will help support the move to improved interoperability among organizations in supply chains and improved competitiveness of U.S. industry.
4

SIMULATION MODELS

This effort uses a simulation-based approach for interoperability testing. Simulations are used to represent real
life manufacturing entities and hence avoid the problem
of finding real life operations for interoperability testing.
A number of simulation models integrated in a distributed
simulation framework are proposed to allow modular development and maintenance.
This section includes description of the supply chain
simulation at the network level and the manufacturing
plant simulation.
4.1

Supply Chain Network Simulation

The purpose of the supply chain simulation is to provide a
representation that generates dynamic information exchanges that would be created in a real life supply chain
in order to test standards and interoperability of supply
chain applications. The simulation executes a model of
interactions and material and information flows through a
defined supply chain network extending from suppliers to
customers.
The scope of the supply chain model includes manufacturing facilities with multiple stages of suppliers on the
input side and multiple stages of distribution network on
the output side. Each of the supplier facilities is modeled
at an abstract level based on the capacity of bottleneck
and the lead-time through the facility. The flow of material is tracked at the supplier at three major stages: raw
materials, work in process, and finished goods. Suppliers
can send their outputs to multiple consuming facilities.
For example, a tier II supplier can send its products to a
tier I supplier and to the manufacturing facility directly.
The manufacturing facility itself is modeled in a bit
more detail, with major sections (lines or departments) of
the facility modeled with their individual bottlenecks.
The flow of product is tracked through the stages of raw

1046

Jain, Riddick, Craens and Kibira
replace line segments with an external detailed model
briefly described next.

The input data for the automotive supply chain has
been developed as a neutral data set that is representative
of the industry. It does not include any proprietary information and can be shared freely among researchers. The
data includes a high level description of an automotive
bill of material, the suppliers for the major components,
the assembly plant, the dealers and the logistics network
connecting all the nodes. A more detailed, external simulation model of a manufacturing plant, described in the
next section, can replace the assembly plant node in the
supply chain model.
4.2

4.2.1 Line and Work Cell Simulations
The purpose of detailed simulations of parts of manufacturing plant is to generate dynamic control messages representative of real life manufacturing lines and work cells
to enable development and testing of standards and applications at that level. The current line level implementation uses CMSD-based data files for reading in a description of a more detailed system. The paint process line of
an automotive plant has been incorporated that uses Enterprise Dynamics software. The model is based on proprietary data and hence its details are not included. The
experience will be useful for developing a publicly accessible model in the future.

Manufacturing Plant Simulation

The purpose of the manufacturing plant simulation model
is to generate dynamic information representative of a real
life assembly plant to enable testing of standards and applications for plant level information and decision-making
systems. The simulation mimics the flow of product and
associated information in a manufacturing plant. The interfaces to the model can be built using selected standards. Similar to the supply chain simulation, the current
implementation uses interactions messages defined in the
OAGIS standard.
The scope of the manufacturing plant simulation
model includes all the major sections of the plant with the
key workstations represented. In the current implementation of an automotive assembly plant, its three major sections, namely body shop, paint shop, and general assembly are modeled with a number of workstations for each
connected by the appropriate material handling system.
This level of detail is required for realistic representation
of interaction messages such as those for Kanban consumptions that are included in the OAGIS standard.
While a summarized model can be used to generate such
messages, it may not gain confidence of the manufacturing personnel. Kibira and McLean (2007) provide a detailed description of the automotive assembly plant
model. The shipment from the plant to distribution centers and/or car dealers is modeled in the supply chain
simulation described above.
The manufacturing plant simulation model can also
be developed using a data-driven approach in the future.
The plan is to utilize an automotive assembly plant description defined using Core Manufacturing Simulation
Data (CMSD) standard currently under development under the auspices of SISO (Leong et al 2006). Another
standard that may be considered in future for modeling
control systems is the ISA-95 (ISA, 2007).
The assembly plant model utilizes a more detailed
bill of material than used for the supply chain simulation,
definitions of stations on the line, and policies controlling
the scheduling and flow of vehicles through the facility.
In the future, the simulation will include a capability to

5

CONCEPTUAL VIEW OF THE DISTRIBUTED
SIMULATION PROTOTYPE

To move towards the goal of being able to test interoperability between supply chain applications, a prototype has
been developed that integrates the simulations at two different levels of the supply chain. In the supply chain network simulation, the important activities of all of the
partners (except the final assembly plant) of an automotive assembly chain supply are modeled. In this simulation, internal forecasts for production goals and specific
production requests from retail car dealer partners are
used to generate production orders for specific models of
cars, purchase orders for the subcomponents needed to
produce those cars, and the transportation request to move
the sub-components and end products between the partners in the supply chain. In the final assembly plant simulation, orders for the production of specific quantities of
specific models of cars direct which products are produced and in what quantities. Product mix and the initiation of production to fulfill an order are dynamically determined during the simulation run from external sources
(the Supply Chain Network simulation). This is quite different from the typical simulation of production activities
where stochastically defined random variables usually determine the product mix and the time for the start of production for an order. The final assembly plant simulation
then carries out the activities necessary to produce the
cars requested, monitoring and managing the sequence of
models of cars produced to maintain efficient order fulfillment. As cars finish production, they are matched to
orders requesting that model of car. When all of the cars
necessary to fulfill an order have been matched to that order, the order is marked as completed and a shipment
message it sent to the supply chain network simulation.
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Supply Chain Network
Simulation
Functions

ProcessPurchaseOrder
BOD

Final Assembly Plant
Simulation

1) Model the interactions of all of the
partners (except the Final Assembly Plant) in
the supply chain (e.g., HQ, suppliers,
transportation system, dealers, etc.)

Functions

2) Send production orders to the Final
Assembly Plant simulation to initiate the
production of specific quantities of specific
models of cars

2) Produce cars of the model type
and in the amount requested from
the orders received.

3) Receive Shipping Notices from the Final
Assembly Plant and interpret them to
indicate:
- Completion of the production of the
cars in the amount and models
requested
- Transfer of the cars from the Final
Assembly Plant to the transportation
system for delivery to the dealer

1) Receive Production Orders from
HQ in the Supply Chain Simulation

SyncShipmentSchedule
BOD

3) Manage the sequence of cars
produced to optimize order
fulfillment
4) Send Shipping Notices to HQ
upon completion of the production of
the cars needed to fulfill an order

Figure 1: Conceptual view of distributed simulation prototype.
The format used for the production request that is
sent from the supply chain simulation to the final assembly plant is the ProcessPurchaseOrder BOD. The format
used for the shipping request that is sent from the final assembly plant to the supply chain simulation is the AcknowledgeShipment BOD. BODs are a part of the OAGIS specification, and are based on XML, and defined
using an XML Schema. In the two BODs used in this
prototype, all possible elements that can be defined for the
BODS are not used, but both BODs contain information
about the product, model, customer, customer location,
and product amount. Figure 1 shows a high level functional view of the two simulations and how they interact.
The described conceptual set up provides the capability of a supply chain anchor organization interacting with
the final manufacturing stage. Individual models similar
to that of the assembly plant will need to be developed for
modeling interactions between supply chain partners,
such as the suppliers and the assembly plant. A supply
chain model will interface with multiple distributed models representing selected suppliers and the assembly plant
for such a scenario.
6

6.1

Supply Chain Network Model Enhancements

Information involving requests for the production of finished cars are sent from the Supply Chain Network simulation to the Final Assembly Plant simulation in the form
of OAGIS ProcessPurchaseOrder BODs. Microsoft Visual Basic for Applications (VBA) language was used to
create model logic to access data stored in Arena global
variables and to use that data to create BODS for transmittal. This approach was taken because Arena provides
the ability to write model logic using the VBA language,
and VBA code has the ability to access XML processing
functionality commonly available on Windows systems.
VBA was also used to create logic to extract data on finished car shipments from the SyncShipmentSchedule
BODs received from the Final Assembly Plant simulation.
This extracted data was then used to update global variables associated with simulated enterprise partners (such
as the transportation network partner and dealer partners)
in the Supply Chain Network simulation.
The Supply Chain Network simulation interacts with
the Final Assembly Plant simulation by accessing functionality provided by the Distributed Simulation Manufacturing Adapter (DMS Adapter). The DMS Adapter is a
NIST-developed component that provides a simplified
means to create manufacturing-oriented distributed simulations that execute as a High Level Architecture federation (additional information about the DMS Adapter is
provided later in this paper). VBA-based logic was added
to the Supply Chain Network simulation to send (XML-

IMPLEMENTATION VIEW OF THE
DISTRIBUTED SIMULATION PROTOTYPE

This section describes the enhancements made to each of
the two models to allow interaction within a distributed
simulation infrastructure. The infrastructure itself is described also.
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sequencing strategies to increase the operational efficiency of the assembly line.
The message processing, sequence management, and
order list management logic are all written using Quest’s
Simulation Control language (SCL). In addition, most of
the logic associated with Quest model elements (e.g., stations, conveyors, buffers, etc.) in the model have been
modified to take advantage of the message processing,
sequence management, and order list management logic.
The Final Assembly Plant simulation interacts with
the Supply Chain Network simulation by accessing functionality provided by the Distributed Simulation Manufacturing Adapter (DMS Adapter). Quest SCL logic was
added to the Final Assembly Plant simulation to send
(XML-based) messages, to receive messages, and to coordinate the advancement of simulated time with other
federates using the facilities of the DMS Adapter. Additional information about the DMS Adapter is provided
next.

based) messages, to receive messages, and to coordinate
the advancement of simulated time with other federates
using the facilities of the DMS Adapter.
6.2

Final Assembly Plant Model Enhancements

The Final Assembly Plant simulation was developed using Delmia’s Quest simulation product. In this simulation, the frame and body assembly area, the paint shop,
and the final assembly area for the production of cars is
modeled. In each area, cycle times for each workstation,
maximum capacity for each buffer/staging area, and cycle
times for conveyors, robots, and other material handling
equipment are modeled. The Final Assembly Plant simulation currently supports the manufacture of 12 different
models of cars, but this can be easily extended.
Unlike typical models of assembly lines built in
Quest, the initiation of production in the Final Assembly
Plant model is based on the receipt of an OAGIS ProcessPurchaseOrder BOD from the Supply Chain Network
simulation. The BOD contains information about the
model and quantity of cars to produce, requested due date
for order completion, and location and identification information about the customer to ship the completed cars
to after they are produced. This information is extracted
from the BOD using functionality from a specially written
library that adds limited XML processing capabilities to
Quest. The extracted information about each received
order is maintained in a structure called the OrderList. As
cars leave the last station, each finished car is associated
with an order in the OrderList for that model of car.
When the quantity of cars necessary to satisfy all of the
requirement of an order have been assigned to that order,
the information associated with that order is used to create
a SyncShipmentSchedule BOD, and the BOD is sent to
the Supply Chain Network simulation. Conceptually, this
indicates that the cars have been transferred to the transportation partner, and are in transit to the customer that
ordered them.
Another deviation from typical operation of Quest assembly line simulations is the use of a “production sequence” to determine the sequence of models that will
progress through the assembly line. When a ProcessPurchaseOrder BOD is received from the Supply Chain Network simulation, a “sequence element” representing the
requested car model is added to an internal structure
called the production sequence for each car requested.
When the cycle time for the line causes each production
unit to move to the next station in the line, the next sequence element in the production sequence determines
model of the next car to be produced, and causes the start
of production of the sub components to complete that car
model. The production sequence can be accessed by stations at the beginning of each of the three major areas of
the plant, and the sequence can be altered to implement

6.3

Distributed Simulation Infrastructure

The Supply Chain Network simulation and the Final Assembly Plant simulation work together as components in a
distributed simulation. These simulations coordinate their
startup, time advancement, and termination; and exchange
data through messaging. This is accomplished by accessing the functionality provided by software based on the
High Level Architecture (HLA) distributed simulation
standard (Kuhl et al. 1999).
While HLA provides a flexible and robust methodology for developing distributed simulations, it is complex,
requires special skills for effective use, and the interface it
provides for (potential) federates to interact with does not
integrate well with most existing COTS DES simulation
packages. To address these concerns, NIST develop a
software component called the Distributed Manufacturing
Simulation Adapter (DMS Adapter). The DMS Adapter
provides a simplified means to create manufacturingoriented distributed simulations that execute as a High
Level Architecture federation. It provides a simplified
interface through which simulations can start distributed
simulations, coordinate the advancement of time, and exchange data as XML messages. The interface to the DMS
Adapter is implemented using Microsoft Component Object Model (COM) technology, which allows it to be accessed by many applications built using Microsoft-based
technologies.
The Supply Chain Network simulation and the Final
Assembly Plant simulation use the DMS Adapter to interact with and to create distributed simulations. Since the
Supply Chain Network simulation is built using Arena, it
can directly interact with the DMS Adapter using
Arena’s VBA interface. The Final Assembly Plant simulation is built using Quest, and Quest does not have the
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Figure 2: Set up for distributed simulation prototype
capability to directly interact with a COM object. Since
Quest can interact with external applications through
sockets, a Socket Bridge application was written to provide access to the DMS Adapter’s interface. Each method
in the DMS Adapter’s interface was replicated as an SCL
function, and each function is implemented to use the
SocketBridge to send and receive information to/from the
DMS Adapter. This allows all the other SCL code in the
model to access the DMS Adapter’s functionality just as
if it could be directly accessed.
In addition to the Supply Chain Network simulation
and the Final Assembly Plant simulation, a Federation
Manager component is also present in the federation. Its
purpose is to coordinate the start of the distributed simulation event by ensuring that both of the other simulations
are initialized and ready to run before time in the federation is allowed to advance. It also provides capability to
send termination messages to the other two simulations
for controlled shutdown. The set up for distributed simulation is shown in figure 2.

7

CONCLUSION

A distributed-simulation-based approach was described
for testing of interoperability standards for applications
used among organizations partnering in a supply chain.
The approach has been implemented using a prototype.
The prototype was used for a small test using two messages exchanged between the supply chain simulation and
the assembly plant simulation. The test was successful in
the sense that the simulations executed smoothly with correct usage of the information shared. This was expected
since a very basic set of fields was used. More importantly, the prototype and the tests have confirmed the feasibility of the approach.
Future work will focus on including a representative
set of BODs from OAGIS standard that cover a full range
of interaction messages for supply chain operations. Information system applications will be integrated to the
simulation models, and the interactions will be executed
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between the applications to mimic the real life situation.
Such a set up will help test the interoperability of the applications using interaction messages based on standards.
Efforts will be made to develop a case study working with
the industry. The set up will also be enhanced to test
other standards such as the CMSD standard under development by SISO. Other directions under consideration
include moving the DMS adapter implementation to .Net
technology and a simulation integration platform independent of HLA.
Successful completion of the proposed work will facilitate the interoperability of manufacturing system applications through providing a way to test standards and
applications. Use of standards such as CMSD can tremendously speed up the building of the simulations required for testing of interoperability standards and for
simulation studies in general.
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