a Software Toolkit to IntegrateDistributed Simulationswith Heterogeneous VirtualEnvironments.Lance Arsenault, John Kelso,Ron Kriz, Fernando Das NevesUniversity Visualization andAnimation GroupVirginia Tech, Blacksburg, VAAWe present DIVERSE (Device Independent Virtual Environments- Reconfigurable, Scalable,Extensible), which is a modular collection of complimentary software packages that we havedeveloped to facilitate the creation of distributed operator-in-the-loop simulations. In DIVERSEwe introduce a novel implementation of remote shared memory (distributed shared memory) thatuses Internet Protocol (IP) networks. We also introduce a new method that automaticallyextends hardware drivers (not in the operating system kernel driver sense) into inter-process andInternet hardware services. Using DIVERSE, a program can display in a CAVE“,ImmersaDesk“, head mounted display (HMD), desktop or laptop without modification. Wehave developed a method of configuring user programs at run-time by loading dynamic sharedobjects (DSOs), in contrast to the more common practice of creating interpreted configurationlanguages. We find that by loading DSOs the development time, complexity and size ofDIVERSE and DIVERSE user applications is significantly reduced. Configurations to supportdifferent I/O devices, device emulators, visual displays, and any component of a user applicationincluding interaction techniques, can be changed at run-time by loading different sets ofDIVERSE DSOs. In addition, interpreted run-time configuration parsers have been implementedusing DIVERSE DSOs; new ones can be created as needed.DIVERSE is free software, licensed under the terms of the GNU General Public License (GPL)and the GNU Lesser General Public License (LGPL) licenses.We describe the DIVERSE architecture and demonstrate how DIVERSE was used in thedevelopment of a specific application, an operator-in-the-loop Navy ship-board crane simulator,which runs unmodified on a desktop computer and/or in a CAVE with motion base motionqueuing.

IMDistributed operator-in-the-loop simulations have been a practical tool for quite some time[Schacter][Aviation] and with the introduction of immersive visual displays [CAVE][HMD]distributed virtual reality (VR) has emerged as an active research topic for the last decade[Lehner].There are many software toolkits that provide a framework for building virtual reality andgraphics applications, and many come with optional add-on software to aid in the building ofdistributed virtual reality and graphics applications in which many remote users may interact[DVR].DIVERSE (Device Independent Virtual Environments— Reconfigurable, Scalable, Extensible) isa highly modular collection of complimentary software packages designed to integratedistributed simulations with heterogeneous virtual environments (VEs). DIVERSE currentlyconsists of two packages:1. The DIVERSE ToolKit (DTK) is a utility package for creating distributed operator-in-the-loop simulations. DTK contains:• an extensible interrupt-driven hardware peripheral server and a C++ clientapplication programming interface (API),• a novel inter-process communication mechanism for asynchronously distributingsimulations using Internet Protocol (IP) networks,• and wall-clock time process synchronization, and many other standard systemlibrary wrappers.DTK provides access to local and networked interaction devices, both real and simulated.It also provides support for run-time swapping of I/O devices and/or device emulators,enabling the creation of device independent applications.2. The DIVERSE graphics interface for Performer (dgiPf) adds immersive and/or non-immersive graphics to simulations by augmenting OpenGL Performer“, a high-levelscenegraph-based graphics API built using the OpenGL“ graphicsAPI[Performer][OpenGL]. By using dgiPf the same program can display in a CAVE“,ImmersaDesk“, head mounted display (HMD), desktop monitor and laptop withoutmodification. dgiPf uses DTK for utility functions and I/O facilities.DTK is a separate stand-alone package, and applications that do not need graphical displayoutput do not need to link with dgiPf or Performer.This design architecture is different from comparable software packages in which the distributedsimulation toolkit depends on a specific graphics package and/or is limited in application scopeto the sharing of avatars in VEs [Hartling]. Computer generated graphical displays, immersive or not, are output devices, and computer simulations do not necessarily require graphical output.But, the computer simulations do drive the graphical output, so we made the DTK utilitypackage independent of the graphics package, dgiPf.We find that a non-graphics-centric design leads to a much more flexible set of software tools.Unlike most other VE graphics packages, the modular design of DIVERSE does not lock theuser into using a particular, or even any, graphics API. The non-graphics-centric designarchitecture of DIVERSE distinguishes it from similar packages and makes DIVERSE a morediverse set of software tools.DIVERSE is designed to build simulators, and to provide the ability to augment the simulatorwith immersive and/or non-immersive computer graphics displays, at the user�s option.OVERVIEWDIVERSE is written in C++. It is a collection of C++ APIs and application, utility and exampleprograms. It currently runs on GNU/Linux and SGI IRIX systems [Linux][IRIX]. MultipleIRIX binary types are supported— o32, n32 and 64.DIVERSE is free software. Its libraries are licensed under the LGPL (GNU Lesser GeneralPublic License), and its programs are licensed under the GPL (GNU General Public License)[GPL].DIVERSE uses the SGI IRIX, or GNU/Linux operating system, a catchall term for all theunderlying standard system software libraries, including but limited to:• OpenGL,• X windows,• TCP networking,• Math libraries, and• Drivers to communicate with hardware interfaces such as graphics displays, serial linesand network cards.

andDSOsPerformerSystem libraries, including OpenGL and X windowsHardware interfaces

ApplicationFigure 1, DIVERSE library dependenciesFigure 1 shows all the possible dependencies between the various libraries and a DIVERSEapplication. Not all applications need to use all of the libraries, and a specific application mightuse other libraries not needed by DTK or dgiPf. Dependency is illustrated by horizontal linesbetween components with the component above a line dependent on components below a line.DESIGN CSome simple criteria and directives guide the design of DIVERSE. Our hope is that by alwayslooking back at first principles, we would develop a package that achieves a coherent andconsistent design.Our design directives include:1. Works by defaultAny good software package needs reasonable default behaviors. We try to make thedefault behavior be the case that is most used or the least damaging, if the most used casecan cause harm. �Works by Default� also implies that the software should be robust andwork all the time.2. Stay out of the user�s way!For packages like DIVERSE this also means to stay out of the application programmer�sway. The DIVERSE developers have noticed that some software packages makeassumptions that prevent you from doing what you want to do. They are designed to be

the central part of your system. We say that they follow the �center of the universe�design paradigm.We assume that programmers know best how to design and structure what they are doing.DIVERSE is designed to augment, without imposing a particular structure. Thisfacilitates freedom in design.3. Easy to useLike the first directive this one may seem obvious, but it can also conflict with the seconddesign directive. But, since the second directive fosters innovation and flexibility wetend to favor it over ease of use.Our design criteria, which are driven by our design directives, are:1. Modular designA module is a standardized, interchangeable component. By using a highly modulardesign we are able to achieve:• Selectivity— The programmer only needs to use the parts of DIVESRE that arerelevant to the application. The end-user only needs to use the parts of DIVERSEthat are relevant to the application�s specific execution environment or desired modesof behavior.• Interchangeability— Modules interact with other modules via standard interfaces.This allows the abstraction of such things as hardware devices and navigationtechniques. For example:o A head tracker is not tied to a particular hardware device, or even anyhardware device, as it can be emulated via software. The application isunaware of the tracker data source, and this data source can be switchedamongst the various hardware and software trackers, real or simulated,without the application having to be restarted, or it even being aware of thesource being changed.o A navigation module allows locomotion through the virtual world.Navigation techniques that are encapsulated as modules allow thesetechniques to be developed and used independently of the applicationprogram. This also allows for on-the-fly switching between navigationtechniques (modules).• Flexibility— Modules make DIVERSE easy to extend and reconfigure; this alsoapplies to applications that use DIVERSE. For example:o New modules can be built on top of existing modules to add functionality, andnew instances of existing modules can be written to support newimplementations.

o Applications can use the new module types and instances without requiringprogram modification.2. Augment, don�t replaceWhenever possible DIVERSE tries to augment an existing software library instead ofcreating its own implementation of the package. Similarly, if an existing library can beused by DIVERSE it will do so. This has two benefits; first, DIVERSE can takeadvantage of the quality software efforts of others and focus on its specific goal. Second,this often makes it easier to port existing applications into DIVERSE, as they don�t haveto be completely rewritten.3. The same program works everywhereA DIVERSE program should be able to run on any supported hardware configurationwithout modification. On the same machine platform, it should be able to do so withoutneeding to be recompiled. It will, however, require different system-specific run-timeconfiguration files to be loaded.DTK, THE DIVERSE TOOLKITREMOTE SHARED MEMORYDTK remote shared memory [Carter] was developed by necessity. In addition to providing ageneral Inter-Process Communication (IPC) application-programming tool, DTK remote sharedmemory is the IPC method with which DTK provides the seamless distribution of DTK I/Odevice services. It provides a standard coding interface to I/O device data for local (samecomputer) and remote access, without requiring that local and remote access to be codeddifferently. The nodal connection topology is typically managed from outside of the applicationsthat are using the shared memory, which in general leads to a more flexible and manageablenodal connection topology. This, in turn, makes for flexible applications and programinterconnectivity, i.e. all applications that use DTK shared memory are inherently capable ofbeing networked applications without additional coding. With respect to this feature, this issimilar to the way the X window system makes window-based applications inherently capable ofbeing networked applications.An example of a classic DTK service is a tracker server that serves data corresponding to auser�s head position and orientation in a VE display system, such as in a CAVE.DTK provides many utilities, the most distinguishing of which is a novel implementation ofremote shared memory. We prefer the term remote shared memory over the term distributedshared memory because the word remote will hopefully imply inter-computer or Internetconnectivity, which we provide, whereas the word distributed seems to refer to operating systemlevel or inter-process connectivity, which is provided implicitly by DTK remote shared memory.DTK remote shared memory is based on the DTK shared memory arena. The DTK sharedmemory arena is, in turn, based on the system calls mmap() and ftruncate() as illustrated in

UNIX Network Programming [Stevens]. The DTK shared memory arena provides a name stringwith which to refer to each shared memory segment. This name string is called the DTK sharedmemory segment name, or segment name for short. Segment names are useful for describing theinformation that is stored in a DTK shared memory segment. They are mapped to the samename by all processes, although the virtual address of the shared memory segment is, in general,mapped to a different address for each process that accesses it.Although the DTK shared memory arena does provide a user API, the primary API is through ashared memory segment manager class called . For each DTK shared memorysegment the user gets an instance of a class. The classprovides , and many other methods that access and manage a DTK shared memorysegment.DTK remote shared memory is implemented in user space. The action that causes DTK remoteshared memory to be shared on an IP network is the overloaded method. Each time write() is called the current process �pushes� the data to all the IP addressesthat are present in its IP network list. Each time is called a local process counter iscompared to a shared memory counter, and if the two counters differ then the IP network list isupdated; then write() �pushes� the data to the IP network list.We have optimized the DTK shared memory for interactive operator-in-the-loop simulations.We feel that using a �push write� data transfer method is the most effective for interactivesimulations, because it eliminates the need for request packets. directly implements the IP network writing, so operating system interrupts to trigger the �pushwrite� aren�t needed, thereby reducing system overhead. DTK shared memory is read by the method; the main action of which is just a local memory copy. Boththe and methods use read/write locks to guarantee a coherent data state. The DTKclient class contains a shared memory factory class object that creates and manages objects.We have built DTK shared memory queues that are similar to DTK shared memory segments:• DTK shared memory queues may be written to and read from by any number ofprocesses.• The read and write operations wrap read/write locks to guarantee coherent data state.• Instances of the dtkSharedMemQueue class are gotten from a DTK shared memoryfactory class object that creates and manages dtkSharedMemQueue objects, in additionto the dtkSharedMem objects.Each dtkSharedMemQueue object has its own set of pointers into the queued data so that readand flush operations affect just that local dtkSharedMemQueue object�s pointers, thusimplementing shared queues. The queues are circular; writing to a full queue just overwrites theoldest entries.

Any DTK shared memory segment can be queued in a DTK shared memory queue at the requestof any connected object. When a DTK shared memory segment is �queued,� a DTK sharedmemory queue is added to the DTK shared memory segment write list, in the same manner as IPnetwork write lists. This means that a polled data service can be queued by any connectingclient, with no extra development overhead imposed on the server.DTK-, THE DTK SERVERDTK distinguishes between a DTK server, and the DTK services, which are provided by a DTKserver. Any DTK service can be loaded at any time while a DTK server is running. Multipleinstances of the same DTK service can be loaded at the same time. Command line options canspecify any number of DTK services to be loaded at DTK server startup.dtk-server, the DTK server program, runs as a single process, single-threaded, interrupt driven,-based server. It can run as a daemon or a regular process through the use of commandline options. Multiple DTK servers can run concurrently on a single computer. In designing theDTK server it is assumed that a DTK server will utilize less than 50 percent of CPU timeutilization; this is the case for all of the DTK services currently implemented. Most DTKservices use less than 5 percent CPU.Most of the dtk-server code is implemented using the C++ API of the DTK client library. TheDTK server program structure can be broken into the following functional sections:• - parses command line arguments, creates DTK server daemon (optional),instantiates a global Request Processing Object, loads initial DTK services using theService Loader, and returns a status to the shell (if daemon).• Service Loader- loads and unloads DTK services.• Command String Parser- is a function that can be called by any loaded DTK service toparse character strings representing DTK client-to-server or server-to-server commandrequests (the protocol is defined in the DTK client C++ library), and to call thecorresponding Request Processing Object�s method.• Request Processing Object- is the heart of the DTK server. The Request ProcessingObject is a global object whose methods are called by the Command String Parser, orfrom any loaded DTK service. It shares state information about the server. It handles allof the internal actions that affect the DTK server and any connected shared memoryarena, such as: loading the unloading services by calling the Service Loader, modifyingand propagating remote shared memory write lists to other servers and clients, readingfrom local shared memory and writing to remote shared memory, reading from remoteshared memory and writing to local shared memory, and telling a client the name of thelocal shared memory arena file.• Main Loop is entered after Startup finishes; in a loop, it: calls a blocking , findsthe DTK service object that is associated with the selected file descriptor, and calls theserve() method of that object.

Without DTK services loaded, the DTK server does not serve any function. It is not even self-serving, like so many middle managers and computer system administrators.J Therefore thereis a set of default DTK services that are loaded at startup.DTK SERVICESIn addition to the general DIVERSE design criteria, the DTK Server adds the design criteria to�minimize the amount of code that needs to be written to provide interrupt driven I/O deviceservices to multiple client programs.� We do this in order to minimize the amount of codeneeded by DTK services. DTK services are compiled Dynamic Shared Objects (DSOs) that arewritten in C++ and are loaded by a running DTK server; their value is that they extend theserver�s functionality at run-time.DTKSERVICE, THE DTK SERVICE CLASSDTK service DSOs contain C++ objects that are based on the pure virtual base class dtkService,which defines the standard interface that the DTK server uses. The only dtkService methodsthat are required to be written into a service DSO are the constructor and the method. Itmust also set a file descriptor to be used by the server. is called by theDTK server any time data is available through the file descriptor. Typically a destructor is usedto close the file descriptor. This destructor is called when a DTK server unloads a DTK serviceDSO. There is additional utility built into the dtkService base class in order to decrease theamount of code that needs to be written in the service DSOs. The Request Processing Objectand a DTK shared memory factory object are also accessible by loaded DTK service DSOs inorder to provide additional utility.A typical DTK service DSO declares a dtkService constructor and destructor that opens andcloses one file; this may be an IP socket, serial port or other device. The method reads and parses the file data and then writes the state of its function to DTK sharedmemory. When the service writes to DTK shared memory, the DTK shared memory operation automatically determines if the DTK shared memory is connected to any remote DTKshared memory arenas, and writes to the remote arenas. In this way there is no differencebetween local and networked DTK services.CORE DTK SERVICESThere is a list of core DTK services that are loaded whenever a DTK server starts up. These coreservices provide the default IPC methods that are needed by the server so that it may receive andsend requests and responses with DTK clients and other DTK servers. The current core DTKservices are:• Internet Domain TCP/IP Service,• Internet Domain UDP/IP Service, and• UNIX Domain UDP/IP Service.

These three DTK services all do the same thing, but through the different transport protocols.They all read commands on their sockets, call the Command String parser, and write aresponse to the socket, or not, which implements the DTK server protocol.THREE SELECTED EXAMPLES1. The Moog“ Motion Base Controller Service uses a RS422 serial line to control aMoog 6DOF 2000E motion base [Moog]. Any number of DTK clients may sendcommands to the motion base. Motion base position commands are time-stamped andqueued in a DTK shared memory queue. Positional commands are read from the queueand linearly interpolated using the time-stamp. This interpolation results in smoothermotion of the motion base compared to with no interpolation. Advisory locks are used toprevent multiple simultaneous position request commands. A separate DTK sharedmemory segment and DTK shared memory queue pair is used to send non-positionalcommand requests, such as engage, park, freeze, continue, and change modes ofoperation. Non-positional command requests go through a shared memory queue so thatany process may send such requests. The user of the motion base service can distributethe monitoring and control of the motion base between any number of programsappropriate to his or her particular application.We have implemented two clients specifically for the Moog Motion Base Controller, oneis a GUI and one has a terminal-based interface. Both clients can send any non-positionalcommand request to the motion base. Both clients can request the positional write lockand if successful can move the motion base to requested positions. The GUI MoogMotion Base client can move the motion base based on the position of slider widgets. A�shock absorber� filter is applied to the data from the GUI-based sliders before sendingpositional requests to prevent �noisy� motion.2. The InterSense IS900 position Tracker Service reads a RS232 serial line and writes thecurrent state of the trackers into DTK shared memory [InterSense]. Clients can read thedata from the DTK shared memory segment named �head� to find the position of aperson�s tracked head. Data for the IS900�s wand, joystick and buttons are also availablein an analogous manner.3. The Hello Service is a very short example DTK service that is part of the DTK tutorial.The hello service reads from standard input from a terminal and than echoes what wasread into a DTK shared memory segment named hello. The hello service is only about40 lines of code, but because it writes to DTK shared memory it is automatically anetwork-enabled service.DTK CLIENTSDTK clients connect to the DTK server using the DTK C++ API library. This API provides aDTK client class that seamlessly implements all of the DTK client/server protocols. A clientclass object communicates to the DTK server through the Core DTK Services. The class provides an object that manages the DTK clients connected to a DTK shared memoryarena. DTK servers act as blocking readers for the clients, so clients do not have to spin or blockto read IP networked data. The dtkClient inherits a DTK shared memory factory that client programs can use to manage DTK shared memory segments and DTK shared memory queues.DTK comes with a suite of GUI and terminal-based DTK client programs.THE DTK C++ APIThe DTK C++ API library provides a set of small operator-in-the-loop simulation utilities inaddition to its client-server and shared memory interfaces. Most of these utilities are C++ classobjects; their main objective is to help the user write less code. For example:• The Realtime Synchronizer wraps interval timer system utilities to provide a method forsynchronizing running programs with wall clock time (real-time) without incurringunwanted CPU spinning.• The DTK Time Class is a small wrapper that provides a time offset andoutput of the system clock. It�s very handy for getting wall clock time differences as wellas absolute time.• The 4th Order Runge-Kutta Integrator Class solves ordinary differential equationswith user-varying independent variable (time) steps.• The Distribution Function Builder Class is handy for building one-dimensionaldistribution functions for performance analysis of simulations.• The DTK C++ DSO Loader wraps the �dl� family of functions, like dlopen(), in orderto decrease the code needed to manage a list of loaded DSOs.• The DTK Error Message Class keeps stacks of errors, and sets error message verbosity(spewage) levels.• The DTK Sockets Wrapper is a handy way to write less code when dealing withsockets; it wraps TCP/IP, UDP/IP, and UDP/IP multi-cast sockets.• The DTK Base Class gets class types, and checks an object�s validity, which is usefulsince DTK does not currently throw C++ exceptions.• The DTK Read/Write Locks guarantees a coherent data state of the DTK sharedmemory. The implementation is OS dependent, so this wrapper provides a compatibilitylayer.DGIPF, THE DIVERSE GRAPHICS INTERFACE TO PERFORMERdgiPf provides the following capabilities:• Abstractions of hardware input devices, graphic displays, and navigation (locomotion)and interaction techniques, providing a consistent programming interface.• Automatic generation of both symmetric and asymmetric stereo viewing frusta, eitherbased on the position of a locator device, such as a head tracker, or computed positionaldata.

• Arbitrary number, size, and orientation of graphic display windows.dgiPf uses the DTK to:• Load compiled configuration files, in the form of DSOs, which describe the graphicdisplay, input devices, navigation techniques and interaction styles.• Access data from input devices, either local or remote, using DTK�s �remote sharedmemory� facility.• Allow �hot-swapping� of input devices by reloading dtk-server DSOs while a dgiPfapplication is running.Since DSOs are loaded at run-time, and their behavior is cumulative, the application itself can bereconfigured by using different sets of DSOs without needing to be recompiled. This allows thesame application to run in an immersive virtual environment, such as a CAVE using stereoglasses and a head tracker, or on a desktop using a monitor and mouse, and to be navigated andcontrolled with different interaction techniques, without modification [CAVE].DGIPF, THE TOP-LEVEL CLASSA dgiPf application creates exactly one object of the dgiPf class, which can be considered to bethe user�s entry-point into the dgiPf system.The dgiPf class loads and unloads DSO files containing objects based on the dgiPfAugmentclass. These dgiPfAugment objects describe the dgiPf configuration for graphical display,input, navigation and interaction techniques.The dgiPf class creates a single object that is configured by the objects, which in turn generates graphical output by invoking Performer methods.The dgiPf class, in order to queue event data, such as from input devices, also creates a single object.The dgiPf class unloads and deletes all objects that it creates, as appropriate.To keep program complexity to a minimum some of dgiPf�s methods are automatically invokedby some of its other methods when required, but only when appropriate. This minimizes thecomplexity of application programs as well as minimizes errors due to Performer and dgiPfmethods not being invoked, or being invoked at the wrong time.DGIPFAUGMENT, THE CLASS THAT ADDS FUNCTIONALITYThe dgiPfAugment class contains methods to augment dgiPf functionality by means of pre-defined callback functions. The dgiPf object is a factory of objects, and callsthese objects� callbacks via dgiPf methods. A object inherits four virtualmethods, any or all of which it may overwrite. The return status from the implemented methodstells the dgiPf object what actions to take with respect to the object.

The four virtual methods are:• prePfConfig(), which is called once, just before Performer forks into multiple processes.• which is called once, just after Performer forks into multiple processes.• which is called every frame, just before the Performer scenegraph istraversed.• postPfApp(), which is called every frame, just after the Performer scenegraph istraversed.DGIPFDISPLAY, THE GRAPHICAL DISPLAY CLASSThe class contains methods to describe the size, location, orientation and otheraspects of the virtual world�s graphical display. The default dgiPf coordinate system is orientedso that +X is to the right, +Y is straight ahead, and +Z is up. These right-handed coordinates arereferred to as dgiPf coordinates. In an immersive environment the boundaries of the trackedsystem range from -1 to 1 along each axis to form a cube with its origin at the center, referred toas the dgiPf coordinate cube. The application can specify a transformation to its own preferredcoordinate system, called model coordinates, by invoking methods. (See Figure2.)Figure 2, the dgiPf coordinate cubeThe display DSO can also set the number of meters per dgiPf coordinate, if applicable to itsconfiguration. This can be used to ensure that objects are displayed at a physically correct size inan immersive environment, an important consideration for some applications such asarchitectural walkthroughs.

Specifically, the following three methods allow you to orient and scale your virtual world:• specifies a location and orientation that corresponds to the origin in the dgiPfcoordinate system.• scale() specifies the ratio of dgiPf units to model units. If scale gets bigger, objects willlook bigger.• meters() specifies the number of meters per dgiPf unit. This is usually set in the DSO that describes the display configuration.Notice that if you are using symmetric frusta, scale() doesn�t have any noticeable effect. This isbecause as scale changes, distance changes at the same rate as the size of the world, effectivelycanceling each other out. For example, if scale is set to 2, then objects will be twice as far away,but twice their size, resulting in no visual change.In general, you use the scale() method if you want to fit your data to the display, regardless ofthe display�s physical size, and use both the scale() and meters() methods if you want your datato be displayed at a physically correct size regardless of display size.The class also creates and manages one or more dgiPfPipe objects, as set by theDSOs:• The dgiPfPipe class contains data related to Performer pfPipes, and creates andmanages one or more dgiPfPwin objects.• The dgiPfPwin class manages Performer , or mapped graphical outputdisplays, and creates and manages one or more dgiPfScreen objects. A dgiPfPwin canbe set to stereo or mono mode. The stereo separation is set in the dgiPfScreen class, andcan be different for each dgiPfScreen object. (Figure 3).• The dgiPfScreen class manages graphical display areas within Performer. A object will create one Performer if the�s dgiPfPwin is in mono, or two if in stereo.Screens are specified by a size, position and orientation in the virtual word; in an immersiveapplication these positions usually correspond to the locations of the physical display screens.A screen can be set to have either a �symmetric� or �asymmetric� view frustum.• A symmetric view frustum is typically used for desktop displays, when the frustum doesnot change shape as its viewpoint is moved in position or orientation. A symmetricfrustum�s base is moved to accommodate the viewpoint.• An asymmetric view frustum has its base in a fixed location, and the shape of thefrustum is modified to accommodate the viewpoint�s changes in position. This type of frustum is often used in immersive displays, where the viewpoint is connected to a headtracker. The viewpoint�s change in orientation has no effect on the frustum�s shape.The interoccular distance specifies stereo separation, which is the distance between the eyes inmodel coordinates. Symmetric frusta also use a convergence value to calculate stereo separation.If convergence is set to 1.0, then the stereo images will fuse at the far clipping plane, and if set to0.0, images will fuse at the near clipping plane. Asymmetric frusta do not need a convergencevalue, as their images always fuse at the frusta�s base.All of this functionality is contained in the display DSO. The application itself doesn�t need toknow whether it�s running in a CAVE or on a desktop workstation; it generally only uses themethods in the dgiPfDisplay class. The dgiPfPipe, dgiPfPwin and classes areconfigured by the display DSO.Figure 3, display class hierarchy for Virginia Tech’s CAVE

Figure 3 is a graphical representation of the DSO display object used in Virginia Tech�s CAVE.The top node is a single object, which creates and configures three dgiPfPipeobjects. The first dgiPfPipe object, pipe 0, creates and configures a single dgiPfPwin object,which in turn creates and configures a single dgiPfScreen object, which ultimately creates asingle Performer , a mono console display.The other two dgiPfPipe objects, pipes 1 and 2, each contain a single dgiPfPwin object,configured to display in stereo. Each of these dgiPfPwin objects contains two dgiPfScreenobjects, each with an asymmetric frustum, and one per CAVE wall. Since each wall is in stereo,each object creates and configures two Performer pfChannel objects.Our CAVE applications also load an input DSO and a DSO that ties the position of the headtracker to the viewing frusta and stereo parallax computations.The object creates a small Performer scenegraph. All nodes of the scenegraph areaccessible by the application. (Figure 4)Figure 4, the dgiPf scenegraphThe application should add nodes that use dgiPf coordinates under the root node of thescenegraph. Applications and DSOs can create additional nodes under this node that will always

be displayed with the same size and orientation, regardless of the model coordinate system inuse.The dgiPf object initially creates and places two more nodes under the root node. Directly underthe root node is a node containing the transformation from dgiPf coordinates to modelcoordinates. This transformation is fixed for the duration of the application. Graphical objectsmove through this fixed coordinate system, much like worlds moved through the ether of pre-relativistic 19th century physics. Applications should create child nodes of this node for objectsthat use model coordinates, but which will not be moved with the navigated world. Examples ofsuch objects might be a sky dome, or a cylinder containing a texture map of a mountain ridgerepresenting an unreachable horizon.A third node contains the transformation from dgiPf coordinates to navigated model coordinates.Applications should create child nodes of this node for objects that use model coordinates andwhich will move with the navigated world. Having separate non-navigated and navigated nodesallows dgiPf to transparently support and switch between multiple simultaneous navigationalmethods.NEW PERFORMER NODE TYPESdgiPf supplies new Performer node types; each new type of node is implemented as a classderived from an existing Performer class. The purpose of these new node classes is to increaseusability and to allow other methods to automatically modify the node�s data. This functionalityis accomplished by way of callback functions built into the new node�s class.An example is the class, derived from the pfDCS class. It allows a group of files tobe loaded, each with its own scale, position and orientation, under a Dynamic Coordinate System(DCS) scenegraph node. The transformation contained in the DCS is updated every frame basedon the data referenced by a pointer to a floating-point array. This supports a data-drivenprogramming paradigm, useful for animations and physically based simulations.Another class that uses the data-driven paradigm is the class, derived from the class. The node�s constructor takes a pointer and a bit offset as parameters. When theindicated bit is set, the node is visible; otherwise it�s invisible.INPUTInput devices are implemented as objects, and are loaded as DSOs. The user canimplement additional devices, or device types, as dgiPfAugment objects in the same manner,allowing virtually any type of input device to be defined.dgiPf currently implements four generic device types:• A button is a device that has a value of one or zero, and is represented by a bit. Eachbutton device can have up to 32 buttons. It is implemented in the class.• A locator is a device that provides positional information, represented as a location andorientation.. It is implemented in the dgiPfInLocator class.

• A valuator is a device that returns an array of floating point values. It is implemented inthe class.• A keyboard is a device that returns an X-windows �KeyCode�, which represents a key onthe keyboard. It is implemented in the class.Any device can be either queued or polled, as specified by the application. A queued device,typically a button or keyboard, queues each change of state. A polled device, typically a locatoror valuator, does not queue, but merely maintains a state, which can be read at any time.Event records contain a snapshot of the data associated with all loaded input devices, and arestored in a circular queue. Each change to the state of a polled input device pushes an eventrecord onto the queue. In this way when an event is queued, it�s possible to get the values of allother devices at the moment of the event.NA navigation technique is usually implemented as a DSO based on the dgiPfNav class, whichconverts data from a particular set of input sources into a locational transformation. Byencapsulating navigation in a DSO, the following benefits are realized:• An application gets navigation �for free.� That is, by loading a navigation DSO anapplication�s virtual world can be navigated without adding any navigation code to theapplication itself.• The navigation technique can be changed without modifying the application; all that isneeded is to specify a different navigation DSO at run-time.• The user can choose a navigation technique most appropriate to the particular hardwareenvironment or their needs. For example, a navigation based on wand, joystick, andbutton data can be used in the CAVE, and the same application program can be navigatedwith a �glass trackball� on the desktop.• Multiple navigation techniques can be loaded and the application program, or anotherDSO, can switch between them at run-time. This allows navigation techniques todynamically adapt to differing circumstances in the virtual world.Navigation is implemented by inserting a node in the scenegraph between the non-navigated andnavigated scenegraph nodes; the navigated node inherits the transformations of the new node.COnce dgiPf has been installed the user might want to set things up so the desired settings occurby default on different systems. The user might also need to create your own configurations ifthe ones supplied in the distribution don�t meet his or her needs.

DGIPF-CONFIGdgiPf-config is a small application that can be used to determine information about the user�sdgiPf installation. It can tell the user the current version, flags needed for compiling and linkingthe user�s application with dgiPf, and compiled-in values, such as the default DSO directory.Use of in shell-scripts and Makefiles will increase their portability andcompatibility.Installers are encouraged to put the dgiPf-config program in the default PATH for dgiPf usersand developers. There are no other environment variables, other than PATH, that need to be setin order to develop and run dgiPf programs.DYNAMICALLY SHARED OBJECTSInstead of using complex interpreted configuration files of unique syntax and questionablegenerality, DIVERSE, and hence dgiPf, use small compiled C++ DSO programs to configuredgiPf at run-time. DSOs are just loadable versions of objects. These allowdgiPf DSOs to access the full functionality of the C++ programming language and Unixoperating system resources to create �smart� configurations.Although all dgiPfAugment DSOs have the same format, we find it convenient to roughlycategorize them as:• Display DSOs, which specify the basic attributes of a configuration. Thesecan be hardware dependent, like a DSO that describes a specific immersive system suchas a CAVE, or hardware independent, such as laying out a series of windows and screenson a desktop.• Input DSOs, which implement one or more input devices. These can be hardwaredependent too, such as a DSO that provides input from an InterSense tracker, or hardwareindependent, such as a desktop slider widget that simulates a tracker.• Navigation DSOs, which convert input data into navigational data, thus encapsulating anavigation technique.• Modifier DSOs, which change the attributes of previously loaded configurations. Anexample is a DSO that changes the characteristics of an interaction technique, or switchesbetween a set of navigation objects, or sets all display windows to mono.• Group DSOs, which merely load a sequence of other DSOs (which can also be groupDSOs) as a way of completely specifying a configuration in one DSO.An application can load a sequence of DSOs that act in a cumulative manner. Some DSOsrequire other DSOs to be loaded- for example a navigation DSO that uses the wand and joystickneeds the wand and joystick input DSOs to be loaded. Dependency conflicts can be minimizedby use of group DSOs.

There are several DSOs provided in the distribution that don�t fit into any obvious category.Two in particular deserve some elaboration:• caveSim and implement a virtual CAVE environment. While not a goodinterface for desktop use, it can be very handy for debugging and developing animmersive application on a desktop. The interaction techniques are based on, but notcopied from the VRCO CAVElib“ Simulator [CAVElib]. The DSOcreates and manipulates the head, wand and joystick input devices. The caveSim DSOassumes that these input devices have already been created, and just uses their values.Both DSOs create objects. The visibility of these objects, representing thehead and wand, a gnomon, axis, frame, and a coordinate cube in all three coordinatesystem can be toggled via keypresses. The caveSimInput DSO allows the position ofthe head and wand, and the values of the joystick and buttons to be modified viacombinations of keypresses. A �jump� mode allows an �out of body� view of the virtualworld from almost any position. (Figure 5)Figure 5. a "jumped" view in the CAVE simulator• causes the application to sleep if all of its windows areunmapped (iconified, or on a different virtual desktop). The usual Performer behavior isto soak the processor in a tight loop. This can be useful when you want to run, andswitch between, several concurrent graphics programs.

RUNNING AN AdgiPf can use environment variables to specify which DSOs to load, and the directories to findDSOs and model files. These only need to be set if the values, as set by the application or asreturned by dgiPf-config --env, do not have the desired values.Running a dgiPf application with default DSOs requires no special commands or environmentvariables. For example, to run the helloWorld example program just type:A simple script like this might be handy for running an application with a specific set of DSOsand command-line options. For example:export DGIPF_DSO_FILES=�desktopCaveSimGroup�exec hellowould run the program hello on a desktop using the keyboard and mouse to supply input to theCAVE simulator. And this:export DGIPF_DSO_FILES=�vtCaveGroup�exec hellowould run the program hello in the Virginia Tech CAVE. The head and wand input would bevia the DTK server, and the position of the view, used to calculate the viewing frusta, would betied to the head input segment.EXAMPLE PROGRAMSdgiPf comes with dozens of programs; each one is designed to demonstrate a specific feature ofdgiPf. Source code examples of both standalone programs and loadable DSOs are included.Each set of example programs is in its own directory, and has a Makefile.Figure 6 is a small but complete program that illustrates how dgiPf augments the Performer API.dgiPf-specific code is in italics. This program can be run on a desktop or in a CAVE, withvarious navigation techniques and other accessories just by running it with different sets ofDSOs.DIVERSIFLYdiversifly is a program that allows non-programmers to load and navigate through model fileswith optional global transformations; it is the DIVERSE analogue of Performer�s perfly. Likeany other DIVERSE program, display format, navigation and interaction techniques can beselected by DSOs. diversifly has become popular as an easy way to see how a model will lookin various display settings, such as CAVEs or desktops. It has also proven useful as a genericprogram that can be used to test new interfaces that are encapsulated as DSOs.

Figure 6, a simple, useable dgiPf programCASE STUDY- SHIP-BOARD CRANE SIMULATORMost of today�s computationally intensive computer applications or High PerformanceComputing (HPC) applications typically consist of one computer program that may be brokeninto many processes, or threads. A typical HPC application program can be parallelized by usingHPC compiler tools and/or APIs, like Message Passing Interface (MPI) [MPI] [MPI/RT]. Eachprocess runs in a predetermined synchronous and reliable fashion; for an application to besuccessful, none of the processes can fail. Moreover, all IPC must be reliable and all processesmust synchronize at regular intervals.We have implemented a different HPC application paradigm. It is a real-time interactive HPCapplication consisting of many programs running on many computers. The paradigm toleratesfaults and requires neither reliable IPC methods nor regular process synchronization. The resultis an increase in the performance of each of the programs and of the total system. This paradigmis general and can be used to model and simulate real-time, interactive, person-in-the-loop,dynamical systems.The crane ship VR simulator is an operator-in-the-loop simulator in a CAVE. A motion platformis used to provide motion queuing to the user (operator) of the simulator. The user is beimmersed in a virtual environment, with a four-wall CAVE (which has three vertical walls and afloor), and four-channel sound. The user is strapped into an operator seat. Attached to theoperator seat is a control console with joystick crane controls, which the user can use to operatethe crane. The motivation for the development of this simulator is to develop and test cranecontrol methods for crane operation at high sea wave states, though this simulator can be usedfor other operator-in-the-loop virtual prototyping studies, and ship-based crane operator training.Because we built the crane ship VR simulator using DIVERSE it can run on a diversecombination of hardware platforms, hardware emulators, and software emulators, other than aCAVE with a motion base, such as a laptop with GUI sliders as operator joysticks, and nomotion base. <dgiPf.h>int main(void) {dgiPf app;app.state & DGIPF_ISRUNNING)pfExit();return 0;}

The structure of the software system of the crane simulator is a cluster of cooperating programs.They are coupled to each other by data structures that retain current physical state information ofthe system in shared memory from which the programs can read and write. This designfacilitates a modular structure for the system. All the programs in the simulator runasynchronously with respect to all other programs. Some programs are simulating physicaldynamical models whose cyclic solver is synchronized to real-time; others use the current sharedphysical state information from the shared memory. Consequently, the need for processsynchronization is replaced indirectly by the sampling of physical state values that are beingsimulated (modeled) in real-time. If the coupling between two processes is large, then the shareddata is queued and the reading process interpolates values for the given time (or another statevariable) that it is reading, so that continuity in the coupling may be better preserved.DTK IS SIMULATOR GLUEThe development of this crane simulator is driving the need for innovative HPC software toolslike DIVERSE. DTK is the �glue� that ties together all of the programs in the simulator. TheDTK server manages the inter-process shared memory, provides an interface for other programsto serial hardware devices via shared memory, and a seamless interface to IP networked sharedmemory. All programs in the simulator use the DTK C++ client API. The DTK server is centralto the system in that it is the only program required to be running at all times for the simulator tobe operational. All of the other programs, or modules, can be developed and run independentlyof most other modules. Modules can be emulated, started, and stopped without corrupting otherrunning modules. When the system is running in a steady state, the primary IPC mechanismused is inter-process shared memory. DTK extends inter-process shared memory to Internetremote shared memory without additional user coding, so that the system may be distributed onmany computers when necessary.The largest difference between this programming paradigm and one using MPI is that theprograms distributed in this system typically run asynchronously. The network IPC methods inDTK are usually unreliable (i.e., UDP/IP). However, reliable TCP/IP is used for changing thesystem configuration, like adding an observer to the system or communicating discrete events,such as turning on a light. The UDP/IP methods are used for transferring most of the networkinformation, such as when a model of a hydraulic cylinder is continuously expanding andcontracting due to an operator�s input. The changes in the cylinder�s length are being fed to thenetwork continuously at a regular rate. If a cylinder length network IP packet is lost, there willnot be a need to send again that information because, in most cases, the next cylinder lengthpacket will come before a replacement IP packet can arrive. This method is analogous to theway real systems interact. For example, if you blink your eyes, the light that your eyes did notreceive is not sent again, but instead the latest light information is sent to your eyes when youreopen them.

The top two pictures in Figure 7 show the ship-based crane simulator running with a CAVE andmotion base. The bottom two photos show the ship-based crane simulator running with anImmersaDesk and in a window on a desktop.The simulator programs contain DTK client objects that enable the making of DTK sharedmemory objects that, in turn, enable communication between the programs in the system. Thecode in the programs may be written in any combination of languages that may be linked withC++ objects, which includes FORTRAN and C Figure 7, pictures of the ship-based crane simulator

Most of the programs in the system, after being initialized, run in a cyclic steady state simulationloop. For this case the program�s code may be split into two logical functions (subroutines ormethods), �initialization� and �cyclic advance.� In the case of a C++ implementation a classconstructor may be used for initialization. A possible third function can be �closure� for theremoval of shared computational resources that may have been allocated when the program runs,so that the program may call this function before exiting. We refer to the code of these functionsas �task functions.� The writing of the task functions does not require the use of the DTK API.For programs that must run in real-time, the real-time synchronizing code is not included in thesetask functions, but is introduced outside of these task functions, so that the code of these taskfunctions may be used on other platforms, in other applications and testing the code is easier.The task functions provide enough output variables so that any needed changing system stateinformation (for example position, angular acceleration, and time) can be gotten from the outputvariables. The task functions provide enough input variables so that all changing inputs arepassed to the task functions. The code of these task functions may preserve the dynamical stateof its task or the dynamical state of its task may be passed to the task functions as a combinationof input/output variables. The later case may be more resource (CPU and memory usage)efficient in some cases. When possible the cyclic advance task function should allow the user tospecify the time to advance to. Configuration files may be read by the initialization taskfunction.TESTING MODULESSimple test programs that use these task functions are an important part of the development ofthe simulator system. They provide a verification of whether a said module is really a modulewith a clearly defined interface in addition to independently verifying the model that the moduleis simulating. When working with a diverse group of developers this is of the utmostimportance. Simple test programs just print variables to standard output; their inputs arecomputed in the simple test program (for example from a sine function with a reasonable scalingperiod). Simple test programs are written in C or C++, though the modules that are being testedmay be written in C, C++, or FORTRAN. Simple test programs are written in one source filethat does not include any of the source code of the task functions.Pseudo code for testing the wombat400 dynamics module is shown in Figure 8. The two taskfunctions being tested are: and . This particular examplepasses the wombat state variables in and out and does not keep a copy of the state variables inthe code of the task functions. This saves having to copy variables in the task functions, butassumes that the user will not change them between calls.When modules can be tested using the form of the above pseudo code, they can then be easilyintegrated into the simulator system and run with simulation time synchronized with wall clocktime (real-time). It is also preferable that the requested simulation time be able to advance with avariable time step, even if the time step is restricted to some small range of values.

time data type t = 0.00state data type xinput data type iwombat_init(time, i, x)while 1 {// set up next input value i.i = sin(0.07 * t)// advance the requested timetime = time + 0.01// This advances the wombat dynamics time and// sets input to i. The state I/O is x.wombat_advance(time, i, x)print(time, i, x)}Figure 8, pseudo code for testing the wombat400 dynamics moduleLIST OF SIMULATOR SYSTEM MODULES ()Most of the simulator system modules are separate programs that are connected to the othermodules by DTK remote shared memory. The crane ship VR simulator system modules are:• The Simulation Launcher is a shell script that runs all the needed programs for thissimulator on a given hardware platform.• A DTK server provides device I/O and DTK shared memory for interconnectingsimulator modules.• Render is a dgiPf program that draws to the visual display.• Wave computes ocean wave height and ship�s x and y position relative to the ocean grid.• LAMP ship hull dynamics model, from SAIC that is written in FORTRAN [LAMP].• Fun Filter visual display and motion base relative motion filter.• Crane Model crane dynamics model.

• Crane Controller filter operator input to crane model• Motion Base Controller uses the DTK server, a GUI client program to send non-position commands, and the Fun Filter to feed position commands to the motion base.• Sound provides simulation-activated sound to the operator.FUTURE DWe currently have plans to extend the DIVERSE project to include new modules, extensions toexisting modules, and more interfaces to other existing packages.DTKWe are currently extending DTK to include support for collaborative tools- these are tools thatwill allow collaborative applications to be more easily written. Extensions will be made toDTK�s remote shared memory to support remote shared objects, and remote shared events.Remote shared objects will be used to support such things as model file loading, unloading andmanipulation. Remote shared events will be used to facilitate reliable state changes to allcollaborative participants.In support of the ship-crane project, a motion queuing filter will be written. The filter, a specialcase of navigation, will receive input from various sources and from them modify a scenegraphnode and generate commands to a motion platform. The motion commands will providephysical forces to the user to increase the sense of immersion. Washout will automatically beprovided to optimize motion queuing flexibility. The graphics display will be modified toaccommodate this washout, as well as compensate for the fact that the motion platform mightmove independently of the display screens.New hardware devices will be supported, and new hardware emulators will be written:• We are in the process of integrating a Phantom haptic device into DIVERSE [Phantom].VRPN is being used to provide the PC/Windows to Unix interface [VRPN].• We will be writing a driver for a network-enabled PDA (Portable Digital Assistant, aPalmPilot“ or Pocket PC“, for example), which can act as a high-level data-richinteraction device. This makes possible a wide set of complex interactions such asmenus, buttons, sliders, drawing canvasses, and textual displays. During a collaborativeVE session the PDA can be used to upload and download data such as object properties,remarks from other participants, and system messages. Attaching a position sensor to thePDA creates even more potential interaction techniques, such as a data probe for virtualobjects.• Xwand is a DIVERSE client program under development that emulates a desktop mouseusing the CAVE wand device commonly found in immersive environments. Xwandfacilitates easy interaction with regular desktop windows, which might contain items suchas web browsers, menus, buttons and sliders; these windows can therefore be incorporated into a virtual environment. Xwand will allow a desktop interface to betransparently ported to an immersive environment.A single process, interrupt driven, multithreaded version of the DTK server is being written. Theinterface to this new version of the server will be identical to the current server�s interface. Themultithreaded DTK server may use less overall CPU time and have less service latency time dueto the removal of the select() system call. This gain is mitigated by the overhead of threadmanagement overhead, lower scalability, and increased code complexity. We suspect that theresults of performance comparisons will vary depending on the operating systems (OS) used,DTK services loaded, and how the DTK server is used. Overall, a large increase in performanceis not expected.DGIPFTo better support the visualization of 3-D data sets we will be creating interfaces to othervisualization packages. We plan to first write interfaces to:• VTK, or the Visualization ToolKit [VTK]• OpenGL Volumizer [Volumizer]To support networked collaboration, we will be writing tools to help support the creation ofgraphical collaborative systems. A collaborative application will allow multiple users onmultiple machines to share data sets and interact with them in the same virtual world. A simpleexample of a collaborative tool might be a new type of scenegraph node that can be transparentlyshared amongst users. Another example could an �awareness tool,� such as DSOs that displaysstatus information about the shared virtual world and its inhabitants.We are also currently in the process of writing more navigation and simulation techniques.Navigation techniques will include features such as collision detection. Simulators will beintuitive and anthropomorphic, better simulating a CAVE experience. All of these will take theform of DSOs, so they will be readily available to any application.We are continually adding to the diversifly program. We will provide a GUI (Graphical UserInterface) front-end, so it will be easier for users who aren�t familiar with Unix to accessimmersive environments.DGLA new DIVERSE module is being written which will augment the OpenGL interface in the samemanner that dgiPf augments the Performer interface. DGL will allow us to port DIVERSE tomany new platforms that are not currently supported by Performer.DGL-OIOpenGL does not support a scenegraph. To remedy this deficiency a new module called DGL-OI will be written to augment the DGL interface to allow Open Inventor“ scenegraphs to beloaded [Inventor].

SUMMARYBy way of the Navy Crane-ship implementation example, DIVERSE has been shown to be aneffective platform for facilitating the implementation of device-independent VE and graphicsystems. There are several features of the DIVERSE design that contribute to this effectiveness:• DIVERSE is highly modular, and you only use the parts you need. This is demonstratedat the highest level by DIVERSE�s compartmentalization into a non-graphicalcomponent, DTK, and a graphical component, dgiPf. Modularity also facilitates thecreation of new components, such as ones that augment alternative graphics APIs.• Modularity is taken one step further by the use of DSOs, which enable functionality to betransparently inserted into an application at run-time. This feature allows navigation andinteraction techniques to be developed independently of the application, which fosterssoftware reuse and inter-application consistency.• DSOs are also used to specify hardware configurations for graphical display and inputdevices. Since DSOs are loaded at run-time, an application can run on any supportedplatform without modification. This flexibility also allows application development andtesting to be performed on relatively inexpensive desktop units. DSOs also allow newhardware devices and configurations to be readily integrated into existing systems.• In order to maximize existing code re-use, and to keep out of the programmer�s way,DIVERSE augments existing APIs instead of inventing new ones. As much as possible,DIVERSE doesn�t impose a particular programming paradigm, allowing developers todetermine for themselves the optimal design for their particular needs.Last, but certainly not least, since DIVERSE is free (open-source), users can share their workwith others without burdening them with licensing issues. Users are also free to modify andexpand DIVERSE to suit their particular needs, now or in the future [OSBenefits].We encourage anyone writing software with DIVERSE to contact us if they have any software,be it nifty applications, examples, DSOs or DTK services they wish to contribute to ourdistribution.We also encourage all current and potential DIVERSE users to contact us with any questions orcomments they might have, or visit our web site at www.diverse.vt.edu. We can be reached byemail at .R[Aviation]Aviation Week & Space Technology, January 17, 1983. Special issue on visualsimulation.[Carter]John B. Carter, Dilip Khandekar, and Linus Kamb, Distributed shared memory:Where we are and where we should be headed, 1995[CAVE]Cruz-Neira, C., Sandin, D.J., DeFanti, T.A., Kenyon, R., and Hart, J.C. TheCAVE, Audio Visual Experience Automatic Virtual Environment.

Communications of the ACM, June 1992. pp. 64-72. The CAVE is availablethrough FakeSpace Systems, at[CAVElib]VRCO�s CAVElib software is documented at [DVR]A long list of VR and distributed VR software:[GPL]The GNU GPL and LGPL licenses are documented at[Hartling]P. Hartling, C. Just, C. Cruz-Neira, Distributed Virtual Reality Using Octopus,IEEE Virtual Reality 2001, Yokohama, Japan, March 13-17, 2001[HMD]Sutherland, I. A Head-mounted Three Dimensional Display. Proceedings of theFall Joint Computer Conference, 1968, pp. 757-764.[InterSense]Information about the InterSense line of trackers can be found at[Inventor]Open Inventor is documented at [IRIX]Silicon Graphics documents its IRIX Operating System at[LAMP]The LAMP software was written by SAIC, at [Lehner]V. Lehner, and T. DeFanti, Distributed virtual reality: support remotecollaboration in vehicle design, IEEE Computer Graphics and Applictaions, 1997,vol 17, no. 2, pp. 13-17.[Linux]GNU/Linux is available from many sources. A good starting point is[Moog]Information about the Moog Corporation and its products are at[MPI]MPI is documented at [MPIRT]MPI/RT is documented at [OpenGL]OpenGL is supported by the OpenGL Foundation, at [OSBenefits]Benefits of Open Source Software,, The ACE ORB,Commercially Supported by Object Computing, Inc.[Performer]OpenGL PerformerTM, white paper at

[Phantom]The Phantom haptic device is sold by Sensable technologies, at[Schacter]Bruce Schacter, and Narendra Ahuja, A History of Visual Flight SimulationComputer Graphics World, May, 1980. pp. 16-31.[Stevens]W. Richard Stevens, UNIX Network Programming, Volume 2, 2nd Edition,Prentice Hall PTR, 1999. Page 321 (shm/test2.c).[Volumizer]OpenGL Volumizer, [VRPN]VRPN is available at [VTK]The Visualization ToolKit (VTK),