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Dissertation Proposal:Time-Critical GraphicsMatthias M. WlokaCS DepartmentBrown UniversityProvidence, R.I. 02912-1910E-mail: mmw@cs.brown.eduNovember 1, 19931 IntroductionPersonal computing is expanding to include the latest developments in interac-tive 3D graphics, multimedia, and virtual reality. These three �elds all combinethe need for high throughput and low-latency response times with degradableperformance demands. The batch-job computing paradigm prevalent in today'sapplications is inadequate for addressing these requirements.In the batch-job computing paradigm, a user submits a computation requestand then waits for the result. The computation time for the result depends onthe complexity of the request. Ever-faster hardware and better algorithms makeresponse times bearable. However, faster hardware is not the ultimate answerto achieve fast response times, since computer users are always able to use |and exceed | whatever processing power is available.Instead, I propose to apply a time-critical computing paradigm to computer-graphics computations, but not rendering. In this paradigm, the user steers theperformed computations by trading various quality parameters | and compu-tation time is one quality parameter | for one another. In order to achievefaster computation times, other aspects of the computation, for example theaccuracy of the computed result, are degraded.A time-critical computing paradigm is well suited for highly interactive en-vironments, such as are found in interactive 3D computer graphics and virtualreality, and processes inherently linked to real time, such as those in multimediaand virtual-reality applications. It guarantees low-latency response times andallows synchronization of the application to real time.Timely delivery of computation results is the most important attribute inthese �elds; presentation quality is only a secondary concern. For instance,1



virtual-reality applications require �xed, relatively high frame rates with littlelag, since otherwise the user becomes disoriented, or worse, motion-sick [21] [32].It is of comparatively less relevance whether the rendered objects are Gourad-shaded, 
at-shaded, or wire-frame. Presentation quality is expendable: to bewrong and on time is more valuable than to be right and late.Flight simulators and video games are more traditional examples of appli-cations that value speed over presentation quality. However, designers of suchsystems achieve the real time computation times by assessing the worst casecomputation requirements a priori, and choosing software algorithms and hard-ware to satisfy them. Since they base their choices on a worst-case analysis,the resulting system is rarely fully utilized. Applying a time-critical computingparadigm instead would better exploit the capabilities of such a system.Computation speed is only one limiting hardware factor. The time-criticalcomputing paradigm can be generalized to take other factors into account, forexample, amount of memory or available network bandwidth. (Note that, forexample, compression algorithms are already to balance storage space withprocessing power.) However, I concentrate on time-criticality because of itsparamount importance to the above mentioned �elds of interactive 3D graph-ics, multimedia, and virtual reality.This time-critical approach di�ers from the traditional computer graphicsoutlook, displayed, for example, in the �eld of photorealistic rendering [24] [9].The objective there is to create realistic, static images, regardless of computa-tion cost. Presentation quality takes absolute priority over computation time.Performance/presentation-quality tradeo�s are neglected, even though the ad-vantages of iterative computing, i.e., progressive re�nement rendering methods[8], are valued for their faster feedback time. The emerging �eld of virtual reality| an inherently real time bound, interactive domain | has made researchersaware of the need for explicitly balancing computation speed with quality.1.1 OutlineI intend to design and build a time-critical graphics system. In addition to theusual 3D graphics primitives, the system will incorporate multimedia, for exam-ple, live or prerecorded video streams. Multimedia presentation is similar to 3Dgraphics in that it is inherently dynamic and sensitive to timing and synchro-nization issues. In order for multimedia to a�ect virtual-reality applications, itmust to be integrated with 3D graphics on a low level; synchronizing separatemultimedia displays and synthetic graphics display windows is insu�cient. In-stead, I will integrate and synchronize multimedia data with the 3D graphicsprimitives.The system is intended to demonstrate the advantages of the time-criticalapproach: �rst, guaranteed, �xed response times heighten the user's percep-tion of reality in dynamic, computer-generated scenes [5]. Second, low-latencyfeedback becomes possible, improving application-speci�c task performances.2



Third and last, incorporating time into the system eases the inclusion of realtime dependent data, such as multimedia.Such a time-critical graphics system integrates three main characteristicsthat are not addressed by traditional graphics systems. First, in order to syn-chronize objects to real time, the system needs to be aware of time. Con-sequently, the system incorporates wall-time. Wall-time is an example of anexternal signal. Other external signals, for example, user input or sensors, areequally useful in an interactive graphics system. The �rst characteristic there-fore is the explicit incorporation of general, external signals.Second, I introduce update rates to computer graphics, integrating them withthe continuous-time model prevalent in traditional graphics systems. Since dy-namic computer graphics is ultimately sampled, e.g., when displaying discreteframes, and since multimedia is traditionally presampled, it is essential to in-clude update rates in the system to control discretization of the time domain.Just as polygon resolution is a parameter that controls rendering quality of ab-stract graphics primitives, update rate is a parameter that controls renderedbehavior quality. Update rates do not replace the continuous-time model, justas polygons do not replace the abstract graphics primitives. The second charac-teristic therefore addresses update rates of the various graphics and multimediaprimitives.Third and last, the previous two characteristics necessitate attending totime-critical computing concerns. Since the �rst characteristic speci�es objectbehavior in relation to external signals such as time, and the second characteris-tic speci�es how often that behavior is computed, the amount of time availableto compute an object's behavior is constrained. The third characteristic there-fore attends to time-critical computing issues, such as compute-time predictions,quality degradation, and scheduling.The structure of the remainder of this proposal is as follows. In Section 2I describe three example application scenarios that will bene�t from or aremade possible by this work; these scenarios justify the research. I expand anddetail the outline presented above of the three characteristics in Section 3; inparticular, I describe the exact requirements of each. Prior and related workis discussed in Section 4 in a format that stresses the history and evolutionof graphics system models. Finally, in Section 5 I summarize the presentedapproach.2 Application ScenariosIn this section I describe three di�erent graphics applications taken from theareas of virtual environments and software engineering. Each application high-lights various features introduced by the proposed system. They all share theneed for a time-critical computing paradigm.3



2.1 The Virtual O�ceThe virtual o�ce is an augmented-reality application that combines reality withcomputer-generated images [3] [13]. Users wear head-mounted, see-through dis-plays. In the view of the user, the actual o�ce is augmented with computer-generated icons that provide 3D interfaces to computer applications. The im-mediate advantage of the virtual o�ce over the desktop metaphor is the vastlyincreased area that is available for laying out icons and other application-relatedimagery. Since distinctive, stationary, and | most important | real naviga-tional cues, such as desks and shelves, populate the o�ce space, navigationthrough the virtual information space is easy.An example application for the virtual o�ce environment is a teleconfer-encing telephone. Teleconferences use video streams to represent remote par-ticipants. The head-mounted display treats these video streams as computergraphics objects, thereby integrating them into the environment and eliminat-ing the need for additional, physical monitors in the o�ce.A user interface metaphor works only if the objects within the interfacebehave as the user expects. In the virtual o�ce, where computer-generatedobjects overlay the real world on see-through displays, the user expects thecomputer-generated objects to update as fast as the real world. Worse, thelag between a user action and the system's response has to be perceptuallyinstantaneous. To achieve such response times, new strategies, for example,predicting user actions and initiating computations before they are needed, arerequired.Thus, to make the virtual o�ce real, a number of open research problemsmust be solved. I focus on only a few of these problems: the tight integrationof video data with computer graphics, time-critical computation of object be-havior, and incorporation of external signals, such as user actions, into a largerframework.2.2 Walk-Throughs of Dynamic EnvironmentsInteractive, architectural walk-throughs [6] [15] place a user, who wears a head-mounted display, inside a virtual environment, typically an architectural model.The user interactively explores the environment by moving through the dataset.So far, 3D interactive walk-throughs are preeminently static: only the userchanges position and orientation; all other objects in the environment, exceptfor individual objects the user interacts with, are �xed. These limitations resultfrom the tight performance bounds of the application. If only the user changesposition and orientation, then the application need only rerender the data set.In contrast, highly dynamic environments require regular recomputations of thedata set itself. These recomputations are costly, delay the display of frames tonon-interactive rates, and therefore destroy the user's illusion of immersion.4



In order to produce a realistic image stream for highly dynamic and interac-tive environments, a constant, fast frame rate has to be maintained. To do this,the regular recomputations of the data set have to complete in prespeci�ed timeintervals. Recomputing the data set is therefore time-critical, and the variouscomputation tasks must be degradable to �t within the prespeci�ed time-slots.Two ofmy proposed system's main characteristics help solve the problems as-sociated with dynamic, interactive walk-throughs. First, the time-critical com-puting mechanisms allow me to schedule the various recomputations. Second,the update and sample rates associated with all primitives within the systemact as a degradable quality parameter for dynamic processes. High samplingrates result in smooth motion; low sampling rates save computation time, butproduce low-quality behavior. The system therefore inherently supports degra-dation for dynamic or interactive objects. In contrast to the work describedin [14], I apply prediction, scheduling, and degradation to the computation ofdynamic environments, not to the rendering of static environments.2.3 Architecture-Independent ApplicationsOne goal of software engineering principles is to make an application architecture-independent. Ideally, applications are compiled and run on a variety of architec-tures without having to change the associated source code. This goal is achievedby relying on software libraries, which encode a general, conceptual model ofthe underlying hardware functionality.None of the existing conceptual models take into account the amount of timeit takes to execute compute tasks. (This is not surprising, since these conceptualmodels are based on the batch-job computing paradigm.) These conceptualmodels therefore do not address time-sensitive computations, i.e., computationsfor which the delivery time of the result is more important than the result'squality. Time-sensitive computations are hence architecture-dependent: theydepend on the architecture's processor speed.My research stresses an application's dependence on time. In particular,application data and computations are linked to real time. Therefore, computa-tions deliver results according to the associated, user-speci�ed time constraintsand are independent of processor speed. To achieve this new level of architectureindependence, other application-speci�c quality parameters are degraded.3 RequirementsIn this section I motivate and describe the requirements of a time-critical graph-ics system. These requirements are grouped into three sections, correspondingto the three main characteristics of my proposed time-critical graphics system:external signals, update rates, and time-critical computing.5



3.1 External SignalsExternal signals describe aspects of the real world to the computer graphicssystem. Examples of external signals are wall-time, i.e., the time that passesin the real world, user input devices, and sensors, i.e., position or temperaturesensors, etc. An external signal is generally modeled as a function whose domainis wall-time in the interval (�1; now], where now is the current wall-time.Typically, an external signal function is highly irregular and therefore hard toapproximate or to predict. A special case is wall-time itself, which is interpretedas the identity function in the above general de�nition.My system will include external signals as a basic notion. Graphics objectscan depend on an external signal, thereby coupling their behavior to events inthe real world. These dependencies are either direct or functionally mapped. Ina direct dependency the graphics object directly uses the raw, untransformedexternal signal values; for example, a graphics object spatially displaying tem-perature incorporates the output of a temperature sensor in its position compu-tations. More often, the dependencies are functionally mapped, i.e., the graph-ical objects use o�set-based, scaled, or warped versions of the external signalvalues. Systems already exist that functionally map wall-time to objects [38][12].Since the system explicitly incorporates an external signal model, the result-ing relationships between objects, i.e., temporal and interactive relations, areexplicit as well. Multimedia and other time-dependent data rely on this featureto stay in synchronization with the real world. I illustrate these bene�ts fortime-dependent and interactive applications throughout Section 2.Due to memory limitations, an actual implementation cannot store the ex-ternal signals over their whole domain (�1; now]. Since external signals areirregular, the implementation must approximate them by storing samples overa much smaller interval, i.e., [now � ct; now], where ct is an implementation-speci�c constant, e.g., one second. The interval [now�ct; now] shifts as wall-timeprogresses and the value of now changes. The external signal is interpolatedbetween sample points within [now � ct; now] and extrapolated in the interval(�1; now� ct]. As mentioned above, these approximations are inaccurate to adegree depending on the external signal and the number of stored samples.Often applications �nd it useful to inquire an external signal in the future,i.e., at some point now+ft, for some value of ft (see Section 2.1 for an example).I therefore extend the domain of the external signal functions to be wall-time inthe interval (�1;+1). Since, in general, it is impossible to predict an externalsignal with accuracy, all inquiries in the interval [now;+1) are only a guess(obtained, for example, by extrapolation).Note that it is therefore possible to inquire an external signal anywhere intime, even if the associated sensor or user input device supplies samples onlyat discrete time points. This functionality contrasts with traditional user inputmodels [20], which are event-based and therefore discrete in time. However,6



a continuous model of external signals is of advantage for the continuous-timemodels prevalent in computer graphics. The continuous-external-signal modelhas the disadvantage of returning inaccurate results for a signal in the future,in the distant past, and in-between samples | but the event-based user inputmodels return no result for these cases.The above implementation model for external signals (i.e., storing samplesfor the continuously changing interval [now � ct; now] and inter- and extrapo-lating all other inquiries), while a good �rst approximation, is severely 
awed:when inquiring about an external signal at an absolute time abst, such thatabst > now, the returned value ext sig(abst) is a prediction. Reinquiring thesame value slightly later, i.e., inquiring at abst when abst < now, results ina value that is computed via inter- or extrapolation from di�erent samples,yielding a di�erent ext sig(abst), i.e., ext sig(abst) 6= ext sig(abst) | a math-ematical paradox.I therefore propose the following model for external signals: an externalsignal is a function whose domain is the cross-product of wall-time in the interval(�1;+1) and transaction-time in the interval [now � hist; now]:ext sig : wall-time� transaction-time! Ext Signal ValuesThe constants ct and hist are implementation-speci�c; they describe the actualstored time interval for wall-time and transaction-time, respectively. Since thesetime intervals are �nite, I also require conditions to ensure consistency for similarinquiries. Inquiries at di�erent (transaction-) times for the same value of anexternal signal must return the same result, if both inquiries fall into the storedwall-time intervals (see Figure 1):8wt; now1 � ct � wt � now0 : ext sig(wt; now0) = ext sig(wt; now1):Similarly, the extrapolation mechanisms for prediction and distant history (i.e.,the shaded areas in Figure 1) should be reasonably accurate, at least for valuesof wt close to now0 and now1 � ct:(Prediction) 8wt � now0 : ext sig(wt; now0) � ext sig(wt; now1)(Dist. History) 8wt � now1 � ct : ext sig(wt; now0) � ext sig(wt; now1)Transaction-time, a term borrowed from temporal databases [26], describeswhich version of the external signal description is accessed. A new version iscreated every time the newest sample value overwrites an old sample. For exam-ple, hard-wiring transaction-time to the current time, i.e., using ext sig(:; now),returns the most up-to-date version of the external signal, e�ectly simulatingthe previous external signal de�nition, while avoiding the mathematical paradoxdescribed earlier.Removing this restriction on transaction-time and allowing inquiries of theform ext sig(:; transt), such that transt 2 [now�hist; now], permits the selec-tion of various versions of the external signal. While such a change makes the7



wall−time

wall−time

now −c

now −c

t

t

0 now0

now11

now0

now1

transaction−time Figure 1: Consistency Conditionsmodel more powerful, it also requires additional memory to store the additionalinformation needed to support this model.In summary, including external signals in the system has several advantages.First, objects depend on wall-time via user-speci�ed mappings. Second, objectsspecify interactive behavior explicitly, as opposed to outside entities editing ob-jects to achieve interactive behavior. Third, temporal and interactive relationsare therefore explicit. Fourth and last, the time model for external signals iscontinuous, allowing the sampling of user input anywhere in time.3.2 Update RatesThe update rate of an object is the rate at which its state is recomputed. Theupdate rate of individual objects therefore in
uences how often the object'sdisplayed representation is refreshed. Multimedia-related applications also sub-stitute the term sampling rate for update rate. I use the term update rate andnot sampling rate. Frame rate, on the other hand, is the update rate of therenderer, i.e., the frequency with which it generates new frames.1Graphics systems commonly equate an object's update rate with the overallframe rate. Notable exceptions are the Alice & DIVER system [31], the MRToolkit [33], and VPL's RB2 [4]; all these systems distinguish frame rate fromthe overall scene update rate. Nonetheless, all these systems update all objects1I am assuming a unique frame rate associated with a single display. Nonetheless, severaldisplays with various, independent frame rates are possible.8



in the scene conceptually simultaneously to produce the next frame in an ani-mation or simulation; they inquire the most up-to-date information from everyobject in the scene. This inquired information is then sent to the renderer,which incorporates it into the next displayed frame.In general, update rates are inherent to graphics systems, since all objects aredynamic entities that need to be inquired at particular points in time to obtaintheir speci�c value. In this work, I envision that every object potentially has itsown update rate, indeed all objects are updated possibly independent of eachother. Many objects, for example slow-moving objects, relatively unimportantbackground objects, or static objects, do not require recomputation at everydisplayed frame; it su�ces to only occasionally inquire and recompute theseobjects. Thus, the update rate of these objects is slower than the frame rate.The system can redistribute the saved computation time to objects that requirehigh update rates. I describe examples of such scenarios throughout Section 2.Conversely, if the underlying hardware provides sprite or sprite-like renderingcapabilities,2 it is possible to render user input device representations faster thanframe rate, thus improving interaction latency dramatically. Current worksta-tions apply this principle to the mouse cursor to achieve acceptable, interactiveperformance. The principle can be generalized: user-interface objects and ob-jects with which the user is interacting can also be updated and rendered at arate faster than frame rate. Faster-than-frame-rate update rates are also use-ful for physical simulations, which typically proceed with small time steps, i.e.,with an update rate higher than frame rate, to produce more accurate numericalresults.Allowing the user to control the update rates inherent to an animation isa new concept. Traditional graphics systems determine the update rates in anad hoc way, transparent to the user. They operate in an as-fast-as-possiblemode: a new frame is computed as soon as the computation of the previousframe �nishes. This mode of operation is not optimal. I therefore propose to letthe user control the update frequencies. Control is more valuable than globalas-fast-as-possible sampling, as the following scenarios show.Previewing an animation at the same frame rate it is to be recorded on tapeis desirable: displaying an animation at 40 frames per second makes it looksmooth while previewing, yet, when recording it at 20 frames per second, time-aliasing artifacts make the resulting video unacceptable. Had it been possibleto preview the animation at 20 frames per second, the problem could have beenidenti�ed and solved, for example, by applying motion blur techniques.In addition, when integrating multimedia data types with computer graph-2A sprite is a frame-bu�er-independent graphic that blends with the frame-bu�er graph-ics at every screen refresh. Typically, a sprite overlays the frame-bu�er, but other, simpleforeground/background blends are possible. Since these blends are performed 60 times a sec-ond and memory access times are �nite, only a limited number of memory accesses can beperformed, thereby restricting the number of possible sprites. Typically, hardware platformsprovide less than sixteen sprites of limited extent.9



ics, multimedia must adopt a continuous-time model. However, multimediadata types are presampled, in contrast to computer graphics objects, which aresynthetic. Synthetic data types are de�ned (\continuously") over the wholetime-space and can be inquired at any point in that space. Presampled datatypes, on the other hand, are de�ned only at certain points within the time-space. While it is possible to cast a presampled data type into a synthetic oneby discretely interpolating it, it eradicates the essential feature of the presam-pled data type: new data is only supplied at predetermined points within thesampling space.Presampled data types seem to resemble user input devices or external sig-nals in general | both are sampled at discrete points in time. Yet I advocateexternal signals as a synthetic data type in Section 3.1. However, presampleddata types and external signals di�er critically in two respects.First, a presampled data type is conceptually discontinuous. For example, astream of video frames is likely to include \cuts" | a succession of discontinuouschanges in scenes or camera positions and angles. Interpolating such a datastream non-discretely therefore corrupts rather than improves it.Second, a presampled data type is typically more complex than an externalsignal; for example, a stream of video frames is more complex than a stream ofpointer-device positions. Interpolating a presampled data type is therefore moreexpensive | too expensive in the context of the interactive, real time systemsI am interested in.Even though the distinction between presampled data types and externalsignals is not sharp, presampled data types are justi�ed. In order to integratemultimedia it must therefore be possible to acknowledge and honor predeter-mined sampling rates.Controlling the update frequencies of all objects also avoids unnecessarycomputations. For example, a simulated animation of a bee 
ying around agrowing 
ower does not need to update the 
ower growth as frequently as thebee, since the (simulated) plant growth progresses at a slower rate than themovements of the bee. Extending the concept further and allowing separateupdate rates for the various parts of a hierarchical object, or even the individualattributes of an object, increases possible performance savings.At a minimum, these update rates apply to each computer graphics ob-ject and, at a maximum, to every speci�able attribute within the system. Anobject's (or an attribute's) update rate is in
uenced by the user, the system(trading quality for performance automatically), the object itself (presampleddata types), or a combination of the three. This variety of in
uences re
ectsthe required types of update rates: regular (i.e., updating an object every nmilliseconds), irregular, dynamic, or dependent on external events.Summarizing, my system introduces pervasive update rates to computergraphics. As already mentioned, the speci�cation of update rates does notreplace the already existing continuous-time models; it complements them. Theuser, the system, or the objects themselves control update rates, which can be10



regular, irregular, dynamic, or external-signal-dependent. Explicitly controllingsampling rates per object or even per attribute is advantageous, because itallows �ne control over computation performance and produced quality. Suchcontrol is necessary in a system that tries automatically to weigh, adjust, andtrade various quality parameters, degrading one parameter to achieve higherquality in other aspects.3.3 Time-Critical ComputingThe combination of the above two requirements, dependency on external signalsand user-speci�able update rates, makes it necessary to address time-criticalcomputing concepts: If the user speci�es only update rates without linking themto wall-time (or, in general, external signals), i.e., if update rates are speci�edonly in relation to each other, then the underlying system need not be concernedwith how long it takes to generate a frame. In e�ect, all traditional (and inparticular batch-) animation systems [34] [42] operate on this principle: ananimation scripting language de�nes behaviors by linking actions or operationsto time lines or time variables. These abstract time lines or time variables,called animation time, are independent of external signals. The user speci�esthe update rate by choosing points in animation time for which the system isto generate a frame. However, the computation time for generating a frame orthe time at which the frame is displayed is unrelated to the animation time theframe represents.Similarly, if only synchronization to external signals is speci�ed, withoutspecifying update rates, then the underlying system need not control the timeit takes to generate a frame, either. To synchronize animation time to theexternal signal, it is only necessary to parameterize a frame-generation requestwith the current value of the external signal. As long as frame-computationtimes are all at least roughly of the same length �t, the displayed stream offrames is synchronized to the external signal with a lag of �t. Both Cardman'ssystem [7] and TBAG [12] [11] work in this manner. To eliminate the lag, orto handle situations in which frame-computation times vary substantially, theunderlying system needs to be able to predict how long the computation of aframe takes. The frame-generation request is parameterized not by the currentvalue of the external signal, but instead by the value the external signal ispredicted to have at the time the frame-generation is completed. I thereforeallow the user to trade the error introduced by lag for the error generated bythe prediction mechanisms. The user can revert to the lag-error by using aprediction mechanism that always returns the latest known value.In contrast, letting the animator control both speci�cation of synchronizationto external signals, as well as per object update rates, places demands on theunderlying system to compute various aspects of the scene in a prespeci�edamount of time. If the prespeci�ed amount of time is adequate, nothing furtherneeds to be done. The typical case, however, is that too little time is available;11



the demands can only be met if the system degrades various quality parametersof the objects. My system therefore needs to be able to predict computationtimes, degrade quality parameters to improve computation speed, and schedulethe execution of computation tasks. I discuss each of these three issues in theirown subsections.3.3.1 PredictionAccurate prediction of computation times in general is impossible, since it isundecidable whether a given program terminates or not. However, I do not strivefor exact predictions or predictions of general programs. For example, a simplefeedback loop is often adequate. Furthermore, the application programmer cansupply the prediction mechanism with hints on expected execution times.Prediction of computation times is necessary for two reasons. First, a systemthat synchronizes to wall-time, or external signals in general, needs to assesswhether it is possible to �nish all required computations in the allocated time.Simply starting up all necessary computations and hoping to �nish on timeis not a solution. Instead, the system needs to predict the complexity of thecomputation: if the allocated time is su�cient, the system initiates the requiredcomputations. If the computations cannot be completed before the deadline,the system has to signal failure, or, if possible, try to simplify the computations(see Section 3.3.2).Second, if computations are correlated to wall-time, for example, to displaymotion accurately over time, then a frame displayed at wall-time tframe needsto show the objects in the frame at that time, i.e., as of time tframe. Theproblem is that tframe is unknown at the beginning of the computation of theobjects. Conventional systems disregard this problem and inquire all objects atthe time the computation begins, i.e., at time tbegin computation. In e�ect, theytherefore assume tbegin computation = tframe, i.e., they assume that inquiry andrendering of the objects is instantaneous.A slightly more accurate method is to compute the dynamic objects bypassing the current value of wall-time as the time parameter. While this methodminimizes lag, it produces frames that show each object as of a slightly di�erenttime.More precisely, the �rst object is inquired at time tbegin computation. I callthe amount of time needed to compute the inquiry of the �rst object �t1, or,in general, for the kth object, �tk. Note that the value of �tk is unknown untilthe computation actually �nishes. The second object is then inquired at timetbegin computation +�t1. In general, the kth object is inquired at timetbegin computation + k�1Xi=1 �tiWhen all object inquiries and computations are complete, the frame is dis-12



played. Using the same notation and assuming there are a total of n objects,the time the frame is displayed is thereforetframe = tbegin computation + nXi=1�tiThus, each object in the frame represents a di�erent time, and none of theobjects represents tframe. To avoid generating frames that display objects thatdo not correspond to tframe therefore requires that I inquire all objects at timetframe. However, since tframe depends on the �tk, tframe is unknown as oftbegin computation. Predicting each of the �tk enables me to predict tframe.Two approaches to predict compute times exist: static or dynamic. A staticprediction mechanism associates approximate compute times with the variouscomputation tasks at compile time. The static prediction mechanism derivesthese approximate compute times, for example, by timing a test execution once,or by analyzing the task. A dynamic prediction mechanism, on the other hand,times computation tasks on the 
y. The result of the timing in
uences theprediction of the length of future tasks, e�ectively implementing a feedbackloop.Static and dynamic mechanisms complement each other. For example, astatic prediction algorithm cannot account for the current CPU-load, yet theCPU-load strongly in
uences a dynamic prediction algorithm. Ideally, the pre-diction mechanism used is a combination of the two concepts.The prediction mechanism, regardless of whether it is static or dynamic,needs to be fast. If predicting the compute time of a task takes any signi�cantfraction of the time of actually executing the task, then it is useless. It is moree�cient to execute the task, instead of predicting its compute time and thencomputing it. To a �rst approximation, the prediction mechanism needs tobe an order of magnitude faster than the predicted compute time to allow forsu�cient time to actually execute the task.I do not expect predictions to be accurate | too many variables in
uencethe computation time of any given computation. I plan to de�ne a simple costheuristic that, based on only a few key variables, for example, processor speedand previous execution times, approximates execution times.3.3.2 DegradationA system that incorporates user-speci�able update rates and synchronizationto external signals limits the execution time for inquiring objects. Often such asystem requests computations that cannot be completed in the allocated time.The computation requests must be simpli�ed to �t them into the given time-frame. To simplify computations it therefore needs to be possible to degradevarious quality parameters.Several issues need investigation. First, I need to identify the various possiblequality parameters in a graphics system. Some examples of quality parameter13



are update rate and rendering attributes. Update rate is a quality parameterthat in
uences the observed temporal behavior of an object and that is appli-cable to all types of graphics primitives. Rendering attributes, such as polygonresolution, lighting model, and approximate representations, e�ect not only ren-dering performance, but also the data computation time.Second, each quality parameter degrades in a di�erent way. Some changecontinuously (e.g., update rate), while others have only discrete values (e.g.,polygon resolution). Therefore, di�erent quality parameters warrant di�erentdegradation methods, for example, parameterized computation routines or ex-plicit, alternative versions. Regardless of how degradation is implemented, theloss of quality for each degradation step has to be quali�ed and quanti�ed.Third and last, after quality parameters and their degradation methods areidenti�ed, I need to determine their cost (see Section 3.3.1). A cost-bene�tmodel needs to be formulated. Bene�t of an object can be measured, for exam-ple, by relative size, direct user speci�cation, or relative position to the cam-era (foreground/background, center/o�-center, etc.). Such a cost-bene�t modelshould penalize the rapid 
ip-
opping of attribute settings to avoid visual ring-ing [14].Once these questions are answered, a system has a variety of ways to improveperformance by degrading the various quality parameters. The objects with thehighest cost-bene�t values are degraded least, whereas low cost-bene�t objectsare degraded most.3.3.3 SchedulingThe execution of the various computing tasks needs to be coordinated by ascheduler. A scheduler needs to know about computation requests in advanceto divide the available computation time appropriately. Simply starting to com-pute the requests as they arrive is insu�cient, because it is likely that the laterrequests are then not able to �nish in time.The scheduling task in a time-critical graphics system is comparable to thescheduling tasks found in hard real time operating systems [35]. It is simpler,because the deadlines imposed by the graphics system are not as critical, yet it isalso more complex, because of the added degrees of freedom. A given computa-tion task in a time-critical graphics system is not of a �xed length: computationtimes vary depending on the available and chosen degradation schemes for thattask. Therefore, the scheduler not only has to decide on the order and impor-tance of the various computation tasks, but it also has to decide how much todegrade each task. Furthermore, time-critical graphics systems do not performthe same computations repeatedly. In fact, even the importance of each task(task priorities in real time operating system jargon) varies dynamically. There-fore, all scheduling decisions need to be dynamic and cannot be precomputed,imposing time-limits on the scheduling process itself.The general problem of �nding the optimal schedule for a given set of degrad-14



able computations in a predetermined amount of time is hard. Since it is equiv-alent to the Continuous Multiple Choice Knapsack Problem, it is NP-complete[14]. Like the prediction mechanism described in Section 3.3.1, the schedulerruns in real time. Therefore, I cannot hope to �nd the optimal solution; I needto make fast approximations [16].The scheduler bases its decisions on a broad collection of global information.First, it knows about all current computation requests. Second, to avoid bottle-necks, the scheduler should also be aware of future compute requests, allowingthe scheduling over ranges of time. Third and last, it needs to know about avail-able degradation options; it therefore acts over ranges of computation times.4 Prior WorkIn this section I survey high-level, conceptualized graphics models for interac-tive, real time graphics systems. Each of the models described here re
ectskey advancements made by various graphics systems when they were �rst in-troduced. I discuss each particular model and its contributions in a separatesubsection. The last subsection (Section 4.4) then shows how the requirementsproposed in Section 3 �t into the context of these high-level graphics modelsand how the proposed new model advances the state-of-the-art.4.1 Retained-Mode ModelFigure 2 illustrates a basic graphics system. I term it the retained-mode model,since it represents the retained mode in PHIGS [2] [17]. As shown in the �gure,three key components are coordinated: the graphics database, the renderer, andthe application.The graphics database in the retained-mode model is conceptually simple.It is a static database, i.e., it is only capable of storing a \snapshot" of thedata, even if the data is time-varying. Furthermore, it only stores data that isdirectly relevant to the rendering process of the scene, e.g., polygons, appearanceattributes, and transformations.The simplicity of this database model allows a straightforward traversal ofthe whole database, sending accumulated geometry and attributes to the ren-derer. If the renderer is a one-pass renderer, e.g., a z-bu�er, it can render thedata directly. There is no need to substantially process the contents of thegraphics database before rendering it.The application in this model is responsible for coordinating all the compo-nents. In particular, it controls when the graphics database is to be rendered,as indicated by the 
ow of control arrow from the application to the renderer inFigure 2. (The application might base its decision of when to render a frame onsupplied external signals, also shown in Figure 2.) More importantly, the appli-cation is also responsible for the contents of the graphics database. It executes15
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Database Figure 2: Schematic of the Retained-Mode Modelall changes to the simple, static graphics database; it is \pumping" data intothe graphics database.Thus, the retained-mode model is at a disadvantage, when, for example,generating an animation sequence. First, since the graphics database is static,it is impossible to store the time-varying attributes (i.e., the behavior) of anobject in it. Only the application stores the full temporal data for all animatedobjects in its application database. Therefore, to render the next frame the ap-plication needs to transmit a new temporal snapshot to the graphics database.Typically, large parts of the static graphics database are therefore reedited be-fore the next frame is rendered. The application can avoid these successiveedit/rerender cycles, if it implements special purpose mechanisms that detectand take advantage of interframe coherency. However, such mechanisms arehard to implement, expensive to execute, and of limited use, since interframecoherency is uncommon in highly dynamic animations. In short, the data-pathfrom the application to the static graphics database is heavily used, resulting inhigh overhead for the application.Second, since the simple, static graphics database cannot store all object-related information, the application itself has to maintain and store all objects,their characteristics, and behaviors, in its own application database. Maintain-ing a separate application database, while in general necessary to accommodate16



general applications, also means that the application is responsible for inquir-ing and extracting information from it, as well as keeping the two databases insynchronization.Third, after the application downloads all information into the static graph-ics database, it issues the request to render a frame, causing the graphicsdatabase to transfer its contents to the renderer. This transferral is in e�ect aduplication of the prior data transportation from the application to the staticgraphics database.Fourth and last, since the application coordinates all key components, itis coupled closely to the graphics system. This close coupling in
uences theapplication programmer, who therefore has to know details about the graph-ics subsystem when designing the application. The ideal goal of isolating theapplication programmer from the graphics subsystem is not achieved with theretained-mode model.4.2 Extending and Abstracting the Graphics Database
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The abstract database model, which I introduce here, is more complex thanthe retained-mode model. An additional component, the controller shown inFigure 3, attests to this complexity. Since this model successfully addresses theshortcomings of the retained-mode model, most of today's graphics systems [34][42] [22] employ it as their graphics subsystem. As in the previous section, Idescribe the abstract database model by explaining its key components, i.e., thedatabase, the controller, the renderer, and the application, and their relationshipto each other.The most dramatic change, which necessitates the addition of the controllercomponent, occurs in the structure of the graphics database. The graphicsdatabase is extended to be temporal, non-graphical, and abstract. A temporaldatabase stores temporal behaviors of objects. For example, it stores how anobject moves over time by recording key-positions and the interpolation meth-ods to be used in between these key-positions. A non-graphical database isa database that stores attributes and data which are not necessarily graphics-related. For example, it might store the mass, salary, or birthday of each object.Finally, an abstract database stores its data in symbolic form, subject to laterevaluation or interpretation. An abstract database stores, for example, objectshapes as type codes and not as polygon lists.Extending the graphics database in this way prohibits the use of a simpletraversal mechanism as in the retained-mode model. A separate, more intel-ligent entity, the controller, replaces the traversal mechanism. The controllertransforms the temporal, abstract database contents into data that is suitablefor renderers. It does so by extracting snapshots from the temporal description,ignoring the non-graphical data or transforming it into graphical information,and evaluating the abstract information into a renderer-speci�c form. As il-lustrated in Figure 3, the controller requests information from the graphicsdatabase, which returns the inquired data to the controller. Typically, the perinquiry amount of data transmitted to the controller is small (resulting in fasttransactions), since the controller only requests particular objects or object at-tributes as of a particular time. The controller then evaluates the returned dataand collects it into a frame data structure to be sent to a renderer.Note that since the controller has to evaluate the abstract data before it issent to a renderer, it is possible to support several di�erent renderers withoutoverhead. For example, to render an object via a z-bu�er renderer, a ray-tracer(for pick detections), and a symbolic tree drawing (for hierarchy visualizations),the controller �rst inquires the various relevant attributes from the database.3Then, each attribute is evaluated as required by the renderer type: for example,the abstract description of the object \blue sphere," is transformed into trianglestrips for the z-bu�er renderer, into a mathematical equation for the ray-tracer,and into the text string \Sphere" for the symbolic tree drawing.3The controller can be selective as to what is considered relevant for a given type ofrenderer, increasing performance because only relevant data is transmitted.18



As shown in Figure 3, the renderers receive their data, as well as the com-mand that speci�es when to start rendering, from the controller. Since thespeci�cs of interpreting the abstract data are application dependent, the con-troller component therefore needs to be customizable.Due to the more complex structure of the graphics database, the applicationis less coupled to the graphics subsystem when rendering an animation sequencethan in the retained-mode model. Once the graphics database is set up, theapplication merely has to issue a stream of frame requests to the controller.Each of these frame requests also contains information about which temporalsnapshot the frame is to represent. The controller then independently requestsand computes the data to be send to the renderers.The abstract database model addresses the disadvantages of the retained-mode model as follows. First, data tra�c from the application to the graphicsdatabase is reduced substantially. Because the graphics database stores tempo-ral information, the application does not have to reedit the graphics databaseprior to rendering each frame. Second, database duplication in the application isnot needed to the same extent, because the graphics database is capable of stor-ing the application's, graphics related data. The graphics database cannot storeall of the application-speci�c data, unless it is an application-encompassing,general database. (Unfortunately, interactive behavior cannot be stored in thegraphics database; I discuss this issue in more detail below.) Third, data trans-portation is not duplicated, since the controller is inquiring only speci�c datafrom the graphics database, evaluates it, and sends renderer-speci�c data to eachrenderer. Fourth and last, since the controller is responsible for data-inquiry,-evaluation, and -transportation, the application is less coupled to the graphicssubsystem than in the retained-mode model; it is su�cient for the applicationto request frames from the controller to generate an animation sequence.However, some problems persist in the abstract database model. For one,the timing of the generated animation is unrelated to wall-time. Frames areusually produced as-fast-as-possible; the timing of an animation therefore reliespurely on the performance of the frame-generation process.Another problem is that interactive behavior is not addressed adequately.Interactive applications are responsible for handling user input themselves, caus-ing the same problems that temporal data caused in the retained-mode model:the need for signi�cant duplication of the database in the application in order torelate interactive application data to data in the graphics database; high datatra�c from the application to the graphics database as user interaction neces-sitates the modi�cation of data; duplication of data transport; and relating theapplication closely to the graphics subsystem.4.3 External Signal AwarenessTo remedy the problems of the abstract database model, the external signalmodel described here adds the explicit dependency of data on external signals.19
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parameterized, abstract data stored in the graphics database. However, the ap-plication no longer supplies the controller with parameter values. Instead, thecontroller receives these values directly from the external devices (e.g., clock,user input devices), as depicted in Figure 4. The controller therefore not onlyevaluates the parameterized, abstract data, but is also responsible for supply-ing the right parameter values to the data. Since the application now onlysupplies the controller with compute requests, the controller has become moreindependent.Overall, the application is further detached from the graphics subsystemthan in previous models. Not only is the application's connection to the con-troller reduced to carry only rendering requests, but the application's connectionto the graphics database is simpli�ed as well, since the database is able to storegenerally parameterized data.The external signal model addresses interactive behavior by storing behav-iors of objects in the database which are explicitly parameterized to depend onuser input devices. When the controller evaluates these behaviors, it suppliesthem with the current, appropriate values as provided by the external signalmodule [12] [29]. Since the application is not required to intervene during thisprocess, interactive behaviors are e�cient.In general, applications running under the external signal model are fartherremoved from the speci�cs of the graphics subsystem, yet, the produced anima-tions are intimately linked to the outer world via the provided external signals.The application-to-graphics-database connection is only used to communicateediting changes (e.g., when the behavior of an existing object changes or objectsare added or deleted); in particular, it is not misused to simulate dynamic orinteractive behavior.Two problems remain. First, the external signal model does not explicitlyaddress sampling. To minimize the application-controller connection samplingis therefore uniform, i.e., all objects are updated when a new frame is requested.Uniform sampling and updating for all objects is overly restrictive, as discussedin Section 3.2. Second, as described in Section 3.3, the explicit speci�cationof sampling or update frequencies in addition to the dependence on externalsignals requires the incorporation of time-critical computing concepts.4.4 Incorporating Update Rates and Time-Critical Com-putingIn this section I introduce the time-critical model illustrated in Figure 5. Thetime-critical model results from altering the external signal model so that thepreviously mentioned problems, uniform sampling and time-critical computing,are addressed. Uniform sampling is replaced by allowing the explicit speci�-cation of update rates on an per-object or per-attribute basis. Even though Ibelieve these capabilities to be essential in next generation graphics systems, nographics architectures I know of incorporate them.21
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the data stream in order to stay synchronized to wall-time. However, sincethe involved data types are presampled, thus prespeci�ed and often sampled atregular intervals, there is no need for complex sampling rate models or com-plex degradation schemes. Compared to 3D graphics systems, such presampledmultimedia presentation systems are therefore relatively ad hoc.The time-critical model for 3D graphics systems requires several changes inthe key components (as compared to the external signal model). In the followingparagraphs I describe these changes in the graphics database, the controller, therenderer components, and in the application.The graphics database is extended once more to store each object's updaterate in addition to the already stored information. Even though the controllercomponent uses the update rate to decide when to sample objects, there are sev-eral reasons to store the update rate in the graphics database. First, the updaterate is object-speci�c (attribute-speci�c), i.e., it is associated with an object(attribute) and therefore is stored with all the other object-speci�c (attribute-speci�c) information. Second, since the application, the graphics subsystem,and the objects themselves control the update rate (see Section 3.2), it is storedwhere it is accessible to all of the above | the database quali�es, as indicatedby Figure 5. Third and last, because the update rate is dynamic, speci�ed ab-stractly, or in general parameterized (in the sense of Section 4.3), it possiblyneeds to be evaluated via the same mechanisms as other object data.The graphics database also needs to be able to store alternative data rep-resentations. In e�ect, data stored in the graphics database is additionallyparameterized by one or more \quality" variables. These alternative represen-tations allow for varying degrees of inquiry performance, thereby implementingdegradation techniques.The time-critical model signi�cantly expands the controller. As shown inFigure 5, the controller includes a scheduler that is responsible for decidingwhen and with what parameter values to sample which objects. The schedulerbases its computation on the update rate of an object, when the sample is due,how complex the inquiry operation is predicted to be, how many other inquiryoperations need to be performed in the same time span, and the di�erent possibledegradation alternatives. To gather this information, the controller relies onseveral new internal facilities: the controller inquires the update rate of anobject from the database; it computes when the sample is due as a functionof the update rate and the object's synchronization to external signals; thescheduler uses a prediction algorithm to assess performance complexity; and ituses a general scheduling algorithm to select degradation techniques and whento start computations.Note that by incorporating update rates and time-critical computing the con-troller component has become autonomous in deciding when to inquire samples.Figure 5 expresses the autonomy of the controller by omitting any connectionsbetween it and the application. The application has only indirect control overwhen objects are updated, i.e., only an object's update rate and relation to23



external signals govern when the controller inquires data.The renderer interface is more complex than in the external signal model.Since objects have individual update rates that are potentially di�erent fromthe frame rate of the renderer, the controller needs to collect and bu�er thegraphical data of the objects before that data is transmitted to the renderer.Rendering frames and computing object data have become asynchronous op-erations, requiring a bu�er, or data cache in between the controller and therenderer, as shown in Figure 5.5Compared to the previous graphics models, the application in the time-critical model is furthest removed from the graphics subsystem. Speci�cally,the application is relieved of generating sampling requests. The application de-scribes whole interactive animations to the graphics subsystem, which is able tointerpret and execute these descriptions without the application's intervention.The only communication required between the application and the graphicssubsystem consists of the application editing the graphics database. The edit-ing operations are true in the sense that they are not misused to achieve othermeans, e.g., dynamic behavior as in the retained-mode model, or interactivebehavior as in the abstract database model. Note that the limited communi-cation between the two components does not constrain the expressive power ofthe application, since all parameters are speci�ed within the graphics database.The time-critical model addresses update rates and time-critical computing.Individual update rates as described in Section 3.2 are introduced by allowingtheir storage in the graphics database. The controller inquires and evaluates theupdate rates just as any other object data and uses the gathered information toschedule object (or attribute) inquiry operations, honoring the various updaterates.6 The decoupling of frame-rendering rate from the other update ratesrequires the addition of a data cache to the renderer interface to store thesampled data before it is rendered.Time-critical computing is incorporated by expanding the controller signi�-cantly to include a prediction algorithm, a degradation technique selector, anda scheduler. Aided by additional information stored in the database, thesecomponents work together to allow the timely delivery of data as speci�ed byupdate rates and external signal dependence. The graphics subsystem is pow-erful enough to be independent of the application.However, the proposed model has disadvantages. First, the application hasto synchronize the application database with the graphics database, resulting inoverhead. Second, due to the more general structure of the controller and sched-5Note the similarity between the renderering component in this model and the subconstructconsisting of the controller, the data cache, and the renderer in the retained-mode model(Section 4.1). The \wheel of reincarnation," common in graphics hardware [28], is introducedto the graphics subsystem, a software architecture.6In case that the applicationmodi�es the update rate of an object, it is necessary to notifythe controller of the change as well. Otherwise, if the new update frequency is higher thanthe old one, the controller, basing its schedule on old information, misses this change andconsequently does not inquire with the required frequency.24



uler, these components are more complex to implement. Third, computationtime is spent predicting and scheduling. It follows that, since the prediction andscheduling always produce overhead, the proposed graphics system is not thefastest possible. Fourth and last, the design of the controller component needs tobe application-customizable to be able to interpret arbitrary application speci�cdata.5 Conclusion5.1 SummaryApplications in or related to interactive 3D graphics, multimedia, and virtualreality are becoming increasingly widespread. These applications share com-mon requirements: they need to synchronize data to real world signals, mostnotably wall-time and user input; they require low-latency feedback, and theyare highly interactive. While these applications often request complex compu-tations, the produced quality is not as important as the on-time delivery ofresults. The widely used batch-job computing paradigm is ill-suited to attendto those demands.Instead, I propose to implement a time-critical computing paradigm to ad-dress the requirements of interactive 3D graphics, multimedia, and virtual real-ity. My approach is to balance the various quality parameters of a computation,paying particular attention to the execution times of the various tasks.In particular, I concentrate on the following three issues. First, I address therequirement of synchronizing data to the real-world. I generalize wall-time, userinput, and other signals into an external signal module that is easily integratedinto graphics systems. Second, I allow the explicit speci�cation of update ratesfor dynamic behaviors. Various behaviors require di�erent update rates; ob-jects are sampled when needed, not every time a frame is generated. The savedcomputation time is spent to update critical objects more frequently. Further-more, update rate is a generally applicable degradation parameter that controlsoverall computation cost. Third and �nally, I integrate time-critical computingconcepts to guarantee that computations �nish on time, thereby eliminatingexcessive lag. Predicting, degrading, and scheduling computations are the mainbuilding blocks to ensure interactive, low-latency feedback.5.2 Expected ResultThe overall result of this research will be a 3D graphics system that incorporatesthe three characteristics mentioned above. I present a rough outline of such asystem in Section 4.4. My system will be the �rst to explicitly specify variousupdate rates and to apply time-critical computing concepts to the computationof data within the 3D model. It will provide evidence of the validity of my25
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