MetisAn Object-Oriented Toolkit forConstructing Virtual Reality ApplicationsRussell Turner1, Song Li1, Enrico Gobbetti21. Department of Computer Science and Electrical EngineeringUniversity of Maryland, Baltimore County1000 Hilltop Circle, Baltimore MD 21250 USA2. Center for Research, Development, and Advanced Studies in SardiniaVia Sauro 1009123 Cagliari, ItalyE-mailturner@cs.umbc.edusli2@cs.umbc.edugobbetti@crs4.itAbstract: Virtual reality systems provide realistic look and feel by seamlesslyintegrating three-dimensional input and output devices. One software architectureapproach to constructing such systems is to distribute the application between acomputation-intensive simulator back-end and a graphics-intensive viewer front-end which implements user interaction. In this paper we discuss Metis, a toolkitwe have been developing based on such a software architecture, which can beused for building interactive immersive virtual reality systems withcomputationally intensive components. The Metis toolkit defines an applicationprogramming interface on the simulator side, which communicates via a networkwith a standalone viewer program that handles all immersive display andinteractivity. Network bandwidth and interaction latency are minimized, by useof a constraint network on the viewer side that declaratively defines much ofdynamic and interactive behavior of the application.1. IntroductionMetis is an object-oriented toolkit for 3D interactive simulation. The goal is to create a simple, flexiblehigh-performance software architecture that enables the rapid construction of immersive virtual realityapplications for simulation, utilizing highly interactive techniques such as 3D direct manipulation andvirtual tools (or "3D widgets"). Possible areas of application include robotics simulation, 3D characteranimation, surgical simulation, small-scale multi-user shared environments, and any inherently 3D taskswhich require highly interactive user interfaces.Metis is intended for use in virtual reality applications with varying levels of immersivity, using displaytechniques ranging from stereo glasses to head-mounted displays, and input devices such as 3D mice anddata gloves. For such applications to function properly without inducing user fatigue and motion sickness,they must reliably respond to input and update the display with high frame rates and low latency, all ofwhich require high-performance rendering and simulation capabilities. Metis was designed with a client-server software architecture intended to support these kinds of performance requirements. It also specifieshigh-level input and output device models so that applications can be developed independently of specificvirtual reality hardware configurations, and provides an architecture for constructing interactive virtual toolsor "3D widgets". One particular such configuration, which we have been using to test the toolkit, is a formof immersive desktop virtual reality known as "fishtank" VR in which the position of the user’s head istracked as he views the screen through stereo glasses. By altering the projection of the three-dimensionalscene in response to the user’s head position, objects can be made to appear fixed in space in front of the screen. Using a three-dimensional pointing device, the user can then interact with these virtual objectsdirectly using virtual tools.Metis is also intended for implementing applications that allow small numbers of users to simultaneouslyinteract in real-time with a computationally intensive simulation. This is achieved using a client-serverarchitecture in which multiple users, each interacting via a local viewer client, may connect remotely to asingle simulation server. This also has the advantage of allowing the simulation portion of the applicationto be run on a separate machine, which may be better suited for computation, than the viewing portion,which may be better suited for interactive 3D graphics. This type of architecture is well-suited forimplementing time-critical rendering and computation, and constant-time rendering capabilities are expectedto be added to future versions of Metis.While the purpose of Metis is not to support large-scale distributed virtual environments or internet-basedapplications, it could be used to implement Virtual Reality Modeling Language (VRML) browsers. Metis’run-time object structures have been designed to conform as closely as possible to the VRML2.0 standard[SGI96], and it is expected that the toolkit will eventually be able to import VRML2.0 files directly.2. Design OverviewThe Metis toolkit provides several key functional components necessary for implementing most virtualreality applications. These take the form of a renderer for immersive display, a high-level virtual inputdevice model, and a one-way constraint maintenance system, all integrated together using a object-orientedclient-server software architecture. The Metis software itself consists of an application program interface,called the Metis API. and a standalone interactive 3D program called the Metis Viewer. Metis applicationprogrammers use the API to construct their own applications, sometimes referred to as simulators, whichcan be viewed and interacted with locally or remotely using the viewer.2.1 Client-Server ArchitectureThis division of functionality takes the form of a networked client-server architecture (see Fig. 1). Theapplication simulator, built on top of the API, resides on the server side, while the renderer, constraintmaintenance system and input device model reside in the viewer on the client side. When the simulator isstarted, it waits for a viewer to connect to it via a network connection, through which the simulator maysend graphics commands and receive user input.

Metis Simulator

Network3D MouseHMD HelmetHeadtrackerSpaceball

Metis Viewer

Scene DAGConstraint Network

VR DevicesMetisAPIApplicationFig. 1. Metis Client-Server Architecture

This architecture is analogous to the client-server design of X-Windows. The Metis viewer is analogous toan X server in that it provides an interactive graphical interface to the user, while providing output graphicsresources and user input data to the application. A Metis application is analogous to an X client in that itprovides the application functionality and is implemented on top of the Metis API, which is analogous tothe Xlib or Xt API for X. Unlike the X server, however, the Metis viewer provides inherently threedimensional graphics resources, a high-level input device model geared towards virtual reality devices, and aconstraint system which allows more interactive functionality to be implemented within the viewer itself.This kind of client-server architecture, based on communication of objects and constraints, has severalimportant advantages. First of all, the simulation and the viewing process are decoupled: they can thereforerun at different rates and can profit from parallel processing, increasing the efficiency of the application.This is similar to modern virtual reality toolkits such as MR [Shaw92], AVIARY [West92], DIVE[Carlsson93] and VIPER [Torguet95]. In contrast to these systems, however, the definition of the behavioron the viewer side is not accomplished using procedural techniques, but rather by using a declarativeapproach, where the Metis simulator communicates to the viewer not only the virtual world’s appearancebut also its behavior, specified as a set of time-dependent constraints. Thus, the need for communicationbetween simulator and viewer is less than that of a static scene description, since no communications areneeded while the constraints on the viewer’s side remain valid. The Cognitive Coprocessor Architecture[Robertson89], and later the TBAG [Elliot94] and VB2 [Gobbetti93] systems, introduced the idea of makingtime-dependent functions part of the description of graphical primitives in a 3D software architecture inorder to declaratively describe simple animated and interactive behaviors. Metis exploits this technique toreduce communication bandwidth and improve load balancing in the context of a client-server VRarchitecture. Furthermore, interaction latency is minimized, since interaction code can be executed directly inthe viewer in the form of constraints. A standard interface between simulators and viewers is defined,specifying the node and constraint types understood by the viewer. This makes it possible to provide astandard generic viewer suitable for a large number of application, allowing programmers to concentratepurely on the simulator side.2.2 Object-Oriented DesignA Metis application specifies scenes directly in three-dimensional space by creating a scene data structure tospecify the geometry, appearance and hierarchical structure, as well as some of the dynamic and interactivebehavior, of the virtual environment. This is done from the simulator API by issuing scene creation andlinking commands to the viewer, which instantiates the scene structure locally in the viewer. The scene canbe accessed from the simulator side by using the instance names of its components, which are simplystrings that represent their corresponding real objects on the viewer side. Fig. 2 gives an overview of themain classes in the current viewer architecture.

Node

DataConsumer

Notifier

FunctionChannelDevice

VariableGroupNodeSceneNetConnection

RootArgumentsOutput

The Metis API consists of a collection of C++ classes. Some of these can be extended through subclassingto implement application functionality. Most classes, however, are used to instantiate various componentswhich are assembled through object composition into the simulator-side scene graph which "shadows" theactual scene graph on the viewer side. Overloaded operators, e.g. <<= and =, are used to provide an intuitivesyntax. A sample program that uses the Metis API can be found in Appendix A.3. Metis Scene ArchitectureThe Metis scene graph itself consists of a directed acyclic graph of nodes, which represents the staticgraphical state of the scene, and a constraint graph, which maintains dependency relationships between thenodes and implements dynamic behavior. Unlike VRML 2.0 [SGI96], which relies on procedural scriptnodes to extend dynamic and interactive behavior, Metis uses a purely declarative approach that constructs anetwork of pre-defined constraints.3.1 NodesA node is an encapsulated data unit that represents some related properties that can be used to describe astatic component of a scene. For example, a Sphere node denotes a visible sphere in space, and a Materialnode specifies color and other visual surface properties of an object. The Metis node system is based on theVRML2.0 node architecture. All externally visible state of a Node is represented by its variables, which areactive objects containing data of various types. Metis variables can be connected together in dependencyrelationships using the constraint system. Currently, Metis variables can be one of the following types:Integer, Real, Vector, Quaternion, Color, Matrix. The Integer, Real, Vector, and Color types are standarddata types used in computer graphics, while the Quaternion represents a rotation about an arbitrary axis andthe Matrix type is a 4x4 homogeneous transformation matrix that is usually used to represent a coordinatesystem transformation. A Material node, for instance, is defined as follows:Material { Real intensity; Color diffuse; Color emissive; Real shininess; Color specular; Real transparency;}In Metis, some nodes are distinguish from others by maintaining a group of subnodes. These nodes arecalled grouping nodes. One of the most important amongst them is the Transform node, which separates allits subnodes from the rest of the scene DAG by defining a coordinate system and placing the subnodes in it.The following C++ prototype defines the Transform node, which contains, in addition to the transformationparameters, a list of references to the subnodes.Transform { NodeList children; Quaternion rotation; Vector scale; Vector translation; Matrix matrix;}One advantage of Metis over other similar systems, e.g. VRML [SGI96], is that it supports a largecollection of real three-dimensional devices. In addition to conventional devices like 2D mouse andkeyboard, Metis supports a spaceball, headtracker, 3D mouse and stereo glasses. Every physical deviceavailable on the system corresponds to a device node in Metis, which encapsulates all system-dependentprogramming details of the particular devices. For example, the Spaceball node is defined as follows:Spaceball { Quaternion rotation; Vector translation; Integer button;}

As in VRML2.0, nodes in a Metis scene can be shared, i.e. multiply-referenced, so that the scene datastructure forms a directed acyclic graph rather than a simple hierarchy. By sharing a node, it is possible tosave a memory usage and create complex structures more easily. However, multiple referencing createssome difficulties in maintaining transform constraints for shared nodes. Metis attempts to solve theseproblems and make node sharing as efficient as possible by using the constraint system to maintaintransformation inheritance relationships. Fig. 3 is an example of a scene graph with multiple referencing.On the screen, three cubes will be shown, and two of those share the same material properties. The MetisAPI code for constructing such a scene graph can be found in the sample program in Appendix A.

RootSpaceballCameraTransformVehicle

Transform

Transform

Shape

Shape

Material

Cube

RSTRootTransformSpaceballEquality

S.rotationS.translationT.matrix

T.translationT.rotationFig. 4. Constraint Network for a Spaceball4.2 Coordinate System TransformationsA more sophisticated application of a Metis constraint network is the maintenance of interrelated coordinatesystem transformations. Again, we will discuss the example of controlling a geometric object, representedby a Transform node, with a spaceball. In a fishtank virtual reality system, where the position of the head istracked, the virtual camera position must be maintained with respect to a separate �vehicle� coordinatesystem, which represents the reference frame of the graphics screen itself in the virtual world. The positionand orientation of the vehicle can be controlled in a manner analogous to driving a vehicle through thescene. Since the various 3D input devices reside in the same physical space as the screen (they are attachedto the "vehicle"), their tracking data is normally interpreted as being in the vehicle coordinate system. Thescene DAG in Fig. 5 shows how we represent this in Metis by placing a the Spaceball node as a child ofthe Transformation node representing the vehicle coordinate system. If we wish to directly manipulateTransform node T3 using the spaceball, we need to convert the rotation and translation input values of theSpaceball, which are in vehicle coordinates, into the corresponding translation and rotation values ofTransform node T3 which are in T3’s parent coordinate system. We can solve this problem mathematicallyby converting each node’s local coordinates into global coordinates and setting them to be equal, asexpressed in the following matrix equation:VS = T1T2T3where V, S, T1, T2, and T3 are 4x4 homogeneous transformation matrices for the corresponding nodes. Wecan determine the transformation matrix, M, to convert the Spaceball’s local rotation and translation valuesinto Transform node T3’s local rotation and translation values,MS = T3by rewriting the equation as follows:T2-1T1-1VS = T3M = T2-1T1-1VWe can use the Metis constraint system to dynamically calculate the value of M and then use it totransform the separate rotation and translation components.

RT2ST1VT3RootTransformTransform

Spaceball

MatInverterMatMultiplierMatTranslatorMatRotator L R RLV.matrixV.matrixT

1.matrixS.rotation

S.translation T3 .rotation T3 Notifier

RSTVRootTransformTransformSpaceballCTransformC.buttonCursorButtonNotifierV.matrix

CursorPositionNotifier

Fig. 6. Constraint Network for a 3D widget: Phase 1Whenever the button is clicked, the simulator will be notified by the CursorButtonNotifier. It will thencheck whether any object is selected by examining the position of the cursor, which is obtained throughCursorPositionNotifier. If an object, say T, is really selected, the simulator will send requests to the viewerto change the constraint system as in Fig. 7, where T.translation is forced to be equal to C.translation.Thus, the object represented as T will be dragged by the cursor, which in turn is controlled by the spaceball.

C.buttonCursorButtonNotifierV.matrixS.translation

C.translation

CursorPositionNotifier

Notifier

EqualityFig. 7. Constraint Network for a 3D widget: Phase 25. ImplementationMetis is being developed on an SGI Onyx Reality 2 Workstation. The current version of the viewer andserver API has approximately 17,000 lines of code. Several small demonstration applications such as thosedescribed in Section 4 have already been implemented. Currently Metis uses a Spacetec Spaceball andLogitek trackers for 3D input and head-tracking and CrystalEyes shutter glasses for stereo viewing. Theviewer front-end is implemented using C++ and the OpenGL graphical library. However, it could be easilyported to other hardware and graphical libraries, such as PHIGS. The simulator API uses C++ , but otherobject-oriented language bindings, e.g. Java and Eiffel, are also planned.6. Summary and Future WorkThe Metis toolkit defines a client/server architecture for building virtual reality applications in which anapplication programming interface on the server side communicates via a network with a standalone viewerprogram on the client side that handles all immersive display and interactivity. Network bandwidth andinteraction latency are minimized, by use of constraint network on the viewer side that declaratively definesmuch of dynamic and interactive behavior of the application, freeing the server-side to devote its resourcesto computationally intensive simulations. We believe that this constraint network can work very effectivelyfor a variety of virtual reality applications, and that the client-server and object-oriented architecture of Metisgives VR application programmers the ability to construct high-performance VR applications withcomputationally intensive simulation. The current implementation of Metis has demonstrated theusefulness of this approach. Future enhancements planned for Metis include the addition of constant-timerendering and a time-based constraint system. We also plan to develop more demonstration programs and touse it to implement a physically-based animation system.AcknowledgmentsWe would like to thank the reviewers for their many helpful suggestions. This work was supported byNational Science Foundation Interactive Systems grant number IRI-9503093.