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Abstract

This paper describes an approach for developing web-enabled 3D visualizations of discrete event simulations developed on simulation platforms that support either no animation or only 2D animation.  Using a Unified Modeling Language (UML) framework, we describe a process for synthesizing a Virtual Reality Modeling Language (VRML) based visualization to replay the discrete event simulation (DES). The system, called 3DGen, partially automates the process of creating the visualization.  The UML framework defines all tasks that must be addressed to create the model.  The general method requires the DES to generate a simulation trace file having sufficient fidelity to construct a 3D visualization.  In addition, the user must provide additional information, such as solid models representing objects and entity behaviors that are inferred from the DES but not explicitly specified. An example of an Arena simulation of stock being loaded and unloaded from a warehouse facility is presented.  The paper concludes with a discussion of the limitations and possible extensions of the approach.

1.  INTRODUCTION
Discrete event simulation (DES) is a technique for building computer models that are then used to compute the temporal behavior of a system. For systems that are complex or contain stochastic inputs and components, DES is often the only method of analysis.  With recent advances in computer graphics capabilities, there is an increasing interest in creating 3D visualizations and animations of the simulation models.  The association of visualization with simulation provides several advantages:  it assists the developer in verifying and debugging the simulation; it often aids the analyst in gaining a better understanding of system performance; and it is especially important in explaining simulation results to the customer.  In other words, visualization associated with a simulation makes the simulation more user-friendly and the simulation results more readily accepted.  Many DES tools have visualization capabilities, but not all include the ability to generate 3D visualizations.  Furthermore, decision makers often communicate over the Internet, sharing information that is of relevance to their process.  The approach described here produces an Internet deliverable playback in the form of a Virtual Reality Modeling Language (VRML) [1] visualization that is an animation of the DES results. The VRML visualization operates within a web browser and does not require the DES tool in order to review simulation results.  Furthermore, the VRML based platform provides a suitable platform for distribution of simulation results over the internet in support of collaborative activities.

DES tools can be classified into three categories based upon their visualization capabilities.  The first category consists of tools that have no visualization or animation capability.  Example tools in this class are SIMAN [2] and MODSIM [3].  Each of these tools is characterized as a programming language that is used to represent the simulation.  Visualization can be added to these tools with an additional programming effort.  The second category consists of tools offering point-and-click/drag-and-drop operation and having built-in support for constructing two-dimensional visualization. ARENA [4] and PROMODEL [5] are tools that have built-in support for two-dimensional visualization.  The third category consists of tools that simulate three-dimensional models and have built in support for visualizing these models in three dimensions (3D), for example AUTOMOD [6] and QUEST [7].

Research investigations in which 3D visualization capabilities are added to 2D simulations are being conducted by several groups [8-11]. In [8], 3D visualizations of construction operations are generated from DES. In this work, animation commands are generated from the simulation and then used to generate the 3D visualization.  A VRML integration methodology for manufacturing applications [9] describes several methods for using the Virtual Reality Modeling Language (VRML) as the visualization integration technology for manufacturing simulation systems.  The integration methodology is based on the use of VRML translators to produce reusable VRML components and the use of the dynamics engine to provide real-time simulation information.  Off-the-shelf files are utilized by the VRML translator to produce these components.  The components are then integrated by hand with the additional information from the dynamics engine [9]. A case study for developing 3D visualizations of a business process simulation from a 2D simulation is described in [10]. The visualizations are implemented on the Java3D platform using an approach that distinguishes between static and dynamic information sources.  A virtual factory simulation is modeled in [11] to visualize the operation and performance of an electronics assembly factory.  A general-purpose simulation system is used to develop the simulation of a manufacturing process and is animated by developing animation scripts in the CASUS [12] visualization system.  Furthermore, several works have shown the utility of applying VRML in collaborative situations [13-15].

Our 3DGen system [16] has several advantages when compared with current technologies.  The generation methodology developed here defines a process for associating a 3D visualization to a discrete event simulation.  The process identifies three well-defined steps in creating a 3D visualization:  the background transformation, the object transformation, and the 3D world generation.  The 3DGen system more highly automates the process of association of a 3D visualization with a discrete event simulation.  The 3DGen system is developed to be easy to adapt to any process-based discrete event simulation, thus providing the ability to visualize in 3D existing simulations developed in the various process-based simulation tools. The 3DGen system is general and can be used as a framework to generate a 3D visualization in different formats such as VRML, OpenGL or any similar 3D visualization language.  The VRML format has the added benefit of being a web-based standard, simplifying the dissemination of simulation results over the Internet.

The objective of this work is to develop a process for associating a 3D visualization with a discrete event process simulation.  This provides the ability to add 3D visualization to many common commercial discrete event simulation tools used to construct process simulations.  Association of a 3D visualization with a DES is achieved by developing an interface that links objects in the simulation tool to objects in a new 3D visual model.  In many application areas, 2D models are adequate to capture essential behavior, but the association of a 3D visualization greatly enhances the
presentation of simulation results.  Included among these application areas are process simulations such as assembly line manufacturing, traffic networks, and others.

This paper is organized into five sections. In section two, an overview of the 3DGen architecture is presented.  An example is presented in section three.  A 3D animation is associated with an Arena simulation of a warehouse system.  In section four, a brief discussion of the limitations and possible extensions of approach is given.  Section five is the conclusion.

2.  THE 3DGEN ARCHITECTURE
Generation of a 3D visualization associated with a discrete event simulation of a process system entails three main steps.  These steps are the creation of the background transformation, development of the object transformations, and synthesis of the complete 3D world. The background transformation involves creating a 3D scene as the setting for a simulation.  The object transformation requires the development of 3D objects for the animation of simulation objects.  The 3D world generation is the synthesis of a complete 3D animation of the simulation model.  These steps are the essential steps for a developer to achieve 3D visualization and are described in detail in the following sections.

Figure 1 shows the UML Use Case Diagram [17] of the generation methodology with the ‘Developer’ as the Actor who communicates with the background transformation, the object transformation, and the 3D world generation.
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Figure 1.  Top level UML Use Case  

In addition, Figure 2 defines the major activities that must be accomplished to generate the VRML content.  The 3D world generation also uses the background transformation and the object transformation Use Cases, as this information is required to generate the 3D world.  In the sections that follow, each of these Use Cases is discussed in detail.
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Figure 2.  UML Use Case for visualization development

2.1.  Background Transformation

A background for a simulation visualization is defined as the physical scene that sets the stage for the simulation.  The background consists of the physical layout of models in the real world, such as a factory floor plan.  To implement a 3D DES animation, the first step is to set a 3D background for the simulation.  The background can be obtained either by directly creating a 3D scene using a 3D modeling tool, or by creating the scene from a 2D image, such as a floor plan, using a modeling tool.  The 3D representation of a background in VRML is called a VRML scene.  In our current work, a background transformation is created for each simulation.  Different simulation scenarios can use the same background.

2.2.  Object Transformation

In a simulation, an object is anything that is a part of the simulation model that potentially can be animated.  In a queuing theory model that often forms the basis for a discrete event process simulation, entities, resources, and transport mechanisms are the principal objects.  Therefore, an object is a representation of an entity, resource, or transport mechanism associated with the simulation model.  As with the background transformation, each simulation requires the development of the requisite object transforms.  It is expected that properly designed object transformations may be reusable in other simulations so that over time, a library of objects can be accumulated.

2.3.  World Generation

The generation of a 3D world associated with a simulation requires four inputs: the VRML scene that provides the background for the simulation; the VRML nodes that are associated with simulation objects; the DES model information obtained from the simulation tool; and the DES runtime information also obtained from the simulation tool.  Our software tool, 3DGen, generates the 3D world utilizing information from all of these inputs.  The VRML scene and the VRML node input parameters are described in the previous sections.  The DES model information consists of a description of the objects in the model, the object initial conditions, and parameters describing object behavior.  Object information is represented as a table containing the types of objects, the number of objects, and specifics related to each instance of these objects.  Initial condition information includes information required to create and animate the 3D world such as initial positions of objects, paths associated with transport mechanisms, and states associated with objects.

3.  EXAMPLE 3DGEN VISUALIZATION
In this section, we describe an example application where 3DGen is used to develop a 3D visualization for a warehouse DES. In this example, the goal is to create an animated visualization of an Arena simulation.  The Arena simulation model is shown in Figure 3.  The model simulates the loading, unloading, and storage of boxes in a warehouse facility. 
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Figure 3.  Arena model for warehouse

3.1.  Example Background Transformation

The background transformation defines the 3D world in which the visualization is operating.  The background is shown in Figure 4 and was created using 3DStudioMax.

3.2.  Example Object Transformations

The visualization requires the development of several object transformations for the simulation shown in Figure 3.  In this section, we describe three of the key object transformations that represent the entities and three transport mechanisms required in this simulation.  Object transformations are employed to animate the passage of an object through a particular phase in the simulation, requiring that VRML PROTOs
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Figure 4.  Warehouse model: inside and outside views

be created for each transport mechanism.  In addition, the VRML primitives must conform so that the simple transport mechanisms can be linked together to form a full route.  The interfaces to the basic PROTOs controlling the animation behavior are given in Figures 5 - 7. Each transport mechanism has an interface defining when it is active and the method used to transport the entity.  In addition, transport mechanisms can signal one another to pass control from one mechanism to the next.  The conveyEntity PROTO is shown in Figure 5.  This PROTO animates the entity traversing a conveyor.  The model contains three conveyors, so three instantiations are necessary, each placed at a different location.  The conveyEntity PROTO can model entities being loaded or unloaded.  Entities that are being unloaded must be stored in the warehouse.  
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 Figure 5.  PROTO interface to the conveyEntity
Figure 6 gives the PROTO interface for the transport mechanism that takes the entity from the end of the conveyer and stacks the entity on one of the shelves.  In addition, a forklift animation is included to show the conveyance of the box from the conveyor to storage.  
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Figure 6.  TransporterUDEST transports entities from conveyor to storage

Figure 7 animates the transport mechanism representing the process of taking an entity from storage and loading it onto a conveyor.  As noted, the start and end times for each segment are derived from the DES.  
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Figure 7.  TransporterUSRC transports entities from storage to conveyor

The models used in the visualization are shown in 

   
[image: image7.png]


           
[image: image8.png]


               
[image: image9.png]


 

Figure 8.  Object transformation models

Figure 8, above.  The conveyor model is part of the background transformation.  The forklift is a part of the TransporterUDEST and TransporterUSRC transport mechanisms.  Finally, the box is part of all transport mechanisms. 

3.3.  Example 3D World Generation

Several simulation scenarios that included anywhere from ten to several thousand entities were constructed and run.  With larger models, animation performance was reduced primarily due to the long load times.  The visualization was required to contain all the models and data required to run the animations.    

4.  DISCUSSION
The approach presented in this paper is interesting for several reasons.  Several topics are discussed in the following paragraphs. 

4.1.  Visualization Fidelity With Incomplete Information

Simulations omit details to allow one to focus more clearly on the problem at hand. For example, the Arena model in Figure 3 shows only the salient aspects of the simulation.  As a result, insufficient information may be available to construct three dimensional models. Indeed, we must infer additional information to create a three dimensional simulation.  In many cases, we can insert a model that semantically conforms with the simulation being conducted.  For the example just described, we created models for each aspect in the visualization, the factory layout, transport mechanisms, and the entities. To create a compelling three dimensional visualization, we have had to assume geometries for each and construct a scene graph consistent with the simulation.  The factory and stacking geometries, as well as the stacking strategy, had to be added to the playback.  Using the current strategy, creating geometries must be handled on a case by case basis.  It is believed that this process can be streamlined through further development.

4.2.  Automating Visualization Creation

The approach presented in this paper describes a framework for creating an animated visualization for simulation tools lacking this capability.  Many aspects of the process are not automated.  Indeed, the different components in the visualization were created for this example.  Once the different object transformations were created, 3DGen could generate new visualizations for different scenarios automatically.  Increasing the degree of automation can improve the utility of 3DGen.  We see several opportunities for increasing the level of automation in generating visualizations.  First, through repeated application of 3DGen, a library of object transformations will accumulate that can be applied to future simulations.  The components would need to be generic so that they could be applied as broadly as possible.  For example, the conveyEntity PROTO described in Figure 5 provides the ability to convey a specific geometry that is built into the PROTO along a straight line at a constant velocity and distance.  The conveyEntity can be generalized further to provide the ability to specify a specific path with velocity profile along with a geometry that is relevant to the simulation.  Second, intelligent construction of object transformations, such as separating entities from transport mechanisms, would improve reusability.  Furthermore, primitives for transport mechanisms can be created to cover a broad range of transport possibilities.  Third, different components can be created to allow their appearance to be specified parametrically, making one model suitable for use in a variety of situations.

4.3.  Visualization Animation Performance

For large simulations, a large VRML model is created with the possibility of several VRML PROTO instantiations for each entity that passes through the simulation.  This ensures that the full information from the DES is encapsulated in the visualization analogous to real life.  The disadvantage is that the full model must be loaded. Due to physical constraints and interlocks, only a few entities may be active at any given simulation time.  Performance can be enhanced by including only the maximum number of entities that can be simultaneously active, and controlling them as needed with the simulation entities.  Information about each entity would be necessary; however, the VRML model would be more compact, load faster, and run more efficiently.

4.4.  Visualization Control

As presently implemented, the visualization begins running once loading is complete and then continues until the simulation ends.  Study and analysis of the simulation would be enhanced by adding playback controls so that the simulation could be stopped, restarted from the beginning, or set to play from any point in the simulation.

5.  CONCLUSION
In this paper, we have described a method for adding web standard 3D capabilities to an Arena simulation.  By using information provided from the DES and providing complementary 3D content, a visualization is created for the simulation.  Under the UML framework, we provide a method whereby visualizations can be created for different simulations.  In addition, the approach also can support the creation of visualizations on other platforms.  We have demonatrated the capabilities through the animation of an Arena simulation of loading and unloading processes  at a warehouse facility.
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